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Abstract
An experimental technique designed to increase in-situ electrical connections in a
cubic anvil press has been developed. Two encompassing cell designs (self-extruded
gasket and pre-formed gasket) were tested with several electrical barrier methods:
PVD coatings, G-10/FR-4 and Canvas Electrical (C. E.) phenolic, Teflon and Al
ceramic tubing.
Many variations of techniques were attempted and each (n)th attempt was founded
on the experience from/observation of the results obtained with the (n−1)th technique
variation. Eighteen pressure cell configurations were designed and tested. The cells
with self-extruded gaskets were unsuccessful due to the destructive nature of the
extruding gaskets on the wire leads. The final, successful pressure cell was designed
with pre-formed gaskets, machined as a single part using a four-axis CNC mill with
a C.E. phenolic insert recessed into one cubic cell face which accommodated two lead
assemblies connecting to the internal electrodes of the cell. This technique was viable
for applied hydraulic load up to 7,000 psi. It allows for HPHT experiments requiring
4-wire measurement methods to be made using only one anvil pair. This technique
will also provide increasingly accurate temperature profiling as well as in-situ pressure
measurements for large volume pressure cells.

Keywords: cubic anvil press, PVD coating, C.E. phenolic, Teflon tubing, in-situ
electrical measurement, pyrophyllite pressure cell, pre-formed gasket, 4-axis CNC.
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Chapter 1

Introduction

The present model for the internal structure of the Earth has been deduced
through the use of many data sets including those derived from seismic, magnetic and
geodetic measurements, in conjunction with high-pressure high-temperature (HPHT)
experiments. HPHT data can be used to link and/or confirm an observed change in
seismic wave velocity at a given depth, which is indicative of a change in structure
and/or mineralogy (Lowrie, 2007). Under the extreme HPHT conditions existing
within the deep interior of planetary bodies, chemical and physical behaviours of materials are altered, resulting in unexpected structural, electronic and magnetic transitions. These behaviours cannot be deduced from mineral systems at near-surface
conditions (Hemley and Mao, 2002) therefore, HPHT experiments are necessary for
recreating these extreme conditions to observe the associated changes in the mineralogical properties of materials existing at inaccessible depths to direct observation.
2
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Understanding material behaviours at HPHT conditions at the microscale allows for
better understanding of the large-scale internal processes that govern a planetary
body such as slab subduction (Riedel and Karato, 1997), the nature of the coremantle boundary (Jeanloz and Williams, 1998) and the dynamics and composition of
the core (Buffett, 2000). HPHT work also has important implications for the study
of other planetary bodies, where the only available geophysical data are acquired
through the use of surficial data sets and are not necessarily indicative of composition at depth (Zhang and Schubert, 1996). In these cases, the Earth can be used as
an analogue, and data from HPHT experiments can shed light on the composition,
mineralogy and major internal processes of other planetary bodies.

High pressure generation is achieved via two fundamental techniques; dynamically,
using shock wave techniques (Ahrens, 1980), and statically, using a wide range of
apparatuses based on the following compressional axes: uniaxial, tetrahedral, cubic
and octahedral. Customarily, static pressure generation devices are separated into
two categories; uniaxial apparatus and multi-anvil apparatus (MAA). The latter is
defined as a "high pressure apparatus with more than one axis of loading and four or
more anvils compressing the sample" (Ito, 2007, p. 201). This definition encompasses
the tetrahedral, cubic and octahedral types whereas the uniaxial category comprises
the Bridgman Anvil and the Diamond Anvil Cell (DAC). The DAC is essentially a
Bridgman opposed anvil apparatus but is distinguished by its vastly superior pressure,
temperature, and optical capabilities, in addition to the difference in anvil materials.

The DAC is used to investigate mineral properties at ultrahigh pressures up to 370
GPa (Mao and Mao, 2007). The optical transparency of the diamond anvils allows for
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a vast array of optical measurements such as X-ray Diffraction (Takahashi and Bassett, 1964), Raman Scattering (Zhou et al., 2004), and in-situ pressure determination
via Fluorescence Spectroscopy (Barnett et al., 1973). Temperatures as high as 5000
K can also be achieved using high-powered lasers (Bassett, 2001). DAC samples are
very small - on average 30-200 µm (Soignard et al., 2010) and thus while working with
wire measurement techniques, it is difficult to ensure contact is not made between
wire leads. This can be avoided by pressing the wire leads into an MgO gasket where
they can remain undamaged during the pressure cycle under pressures of up to 40
GPa (Mao and Bell, 1981; Reichlin, 1983). The difficulty in extending the pressure
range of a measurement involving a wire lead beyond this lies in finding an insulating
gasket that can prevent pinching off (ie. severing) the wire leads (Reichlin, 1983).
As well, the DAC is a uniaxial compressional device and samples therefore suffer the
associated large pressure and temperature gradients - decreasing moreover the size of
the already minuscule sample area that is under the high pressure and temperature
conditions. For a comprehensive review on the DAC, see Bassett (2009).

MAA’s have many advantages over the DAC; among the most useful are the multiple axes through which pressure is simultaneously generated. This creates quasihydrostatic pressure conditions across the sample, thus avoiding the high pressure
and temperature gradients of a uniaxial compression. MAA’s can be sub-categorized
as Large Volume Presses (LVP’s) and a discussion about the distinction between the
two can be found in Chen (2010). LVP’s provide exactly what is implied - sample
volumes that far exceed those of a DAC. Historically, the DAC and MAA were considered to be in competition with each other; rather, they should be considered related
and complementary (see discussion in Irifune and Tsuchiya (2007), pp. 33-36). With
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enough modification, these two techniques may eventually merge (Liebermann, 2011),
since the sample volume of the DAC can be increased by increasing the culet size at
the expense of high achievable pressures, whereas the MAA can increase hydraulic
tonnage in conjunction with a reduction in the sample size to reach higher pressure
ranges. Large MAA presses have hydraulic systems that can provide force up to thousands of tons and can generate quasi-hydrostatic pressures up to a maximum of 30
GPa using WC anvils, at which point WC begins to yield (Irifune et al., 1992). Recent advancements in sintered-diamond (SD) anvils for MAA have been made which
allow pressures to reach 80 GPa with 14mm edge length SD anvils (Ito, 2007; Tange
et al., 2008). Additional to the pressure limitation of the WC anvil, is the limitation
of in-situ measurement techniques available. Substantial electromagnetic radiation
absorption of both the anvil material and the pressure media that are typically used,
MgO and pyrophyllite (Katsura et al., 2004), eliminates most in-situ optical observation capabilities. Inoue and Asada (1973) were able to interface a cubic MAA with
laboratory-based X-ray sources, however full usage of X-ray techniques for in-situ observations were not possible until the MAA was used in synchrotron facilities (Duffy,
2005; Ito, 2007; Chen, 2010). Optical access via optical fibers brought in through the
cell gaskets has been attempted; however, these were limited to a maximum pressure
of 1.4 GPa (Secco and Balog, 1998).

Extracting useful information from a HPHT experiment is not straightforward.
The majority of materials revert to a 1 atm, 22 ◦ C state after release of the HPHT
conditions. Thus, deducing the HPHT behaviours of most materials from recovered
samples is not a reliable source of information. It is critical, therefore, that insitu measurements be made to determine how materials behave under conditions of
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simultaneous high pressure and high temperature. A multi-probe experiment, wherein
more than one physical measurement is recorded in-situ, is necessary in most cases.

Pressure cells used in MAA’s typically have one of two resistance measurement
configuration types. The simplest measurement type is the 2-wire method where two
wire leads are connected to a sample and the resistance across the sample is directly
measured. However, when sample sizes are small (and for all metallic samples), it can
be difficult to distinguish the measured resistance of the combined sample and wire
leads from the actual resistance of the sample itself. In this case, the 4-wire method
should be used wherein a current (I) is applied across the sample through one pair of
wires and the voltage drop (V) across the sample is measured using a second pair of
wires. Resistance (R) is then calculated using Ohm’s Law, shown in Equation 1.

V = IR

(1.1)

The measurement method becomes significant in the design and construction of
the pressure cell and wire measurement orientations must be considered. The 2wire measurement requires one pair of wires to make a single resistance measurement
whereas the 4-wire method requires two pairs of wires for a single resistance measurement. Wire measurements are oriented in the following two ways. A "through-anvil"
wire measurement is made when a pair of wires (which exit opposing faces of the
pressure cell) are physically contacted to an anvil pair. The measurement is actually taken across the anvil pair rather than from the actual wire leads. Therefore,
as each wire pair requires an anvil pair, the cubic MAA is restricted to a maximum

M. A. Burford

7

of three through-anvil measurements. This measurement configuration is robust and
reliable, making it the preferred measurement orientation type. "Through-gasket"
measurements are made by passing the lead wires out the edges of the pressure cell
and are connected directly to a multimeter. As the pressure cell is compressed, the
gaskets are forced to extrude out and around the lead wires. As such, this measurement configuration is risky since lead wires are often pinched off, necked or otherwise
compromised due to the high shear strain of gasket formation.

A detailed explanation of a typical pressure cell with a sample chamber, is presented below. This will aid the reader in visualization of the different cell designs (and
their modifications) presented in the work that follows. Typical cubic pressure cells
are small (0.625 in.3 ) and can, at times, be intricately configured, see Figure 1.1. The
pressure cell usually requires a Nb furnace to effectively heat the sample (using one
pair of anvils) and also a thermocouple placed as close as possible to the sample container to take temperature measurements (using a second pair of anvils). This leaves
only one pair of anvils left for the electrodes, which connect to the sample, and forces
a 2-wire property measurement across the sample.

1.1

Objectives

The aim of this project is to develop a new experimental technique to increase
the number of possible independent wire measurements (ie. wire pairs) available for
in-situ measurements during a single experiment in a cubic anvil press. Additional
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Figure 1.1: Schematic diagram of a typical HPHT cell for a 2-wire electrical resistance
measurement configuration.

wire measurements would allow a 4-wire measurement to be made using only one
anvil pair, vastly improving the accuracy of HPHT resistance experiments involving
metal samples.

Although this technique is being developed for a cubic anvil press, it may find
applications among other MAA pressure cells, increasing the sensitivity of a broad
range of experiments in the HPHT community. This technique would improve temperature profiling within the cell by allowing for multiple thermocouples to be configured through the cell. It would also allow in-situ pressure calibration of samples by
including a pressure calibrant material within the cell design (similar to ruby fluores-
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cence techniques for DAC) in every experiment. This work could ultimately provide
a significantly clearer image of what behavioural changes are occurring of a material
under high pressure and high temperature conditions thus, significantly increase our
understanding of the dynamics of the deep Earth and other planetary bodies.

Part II

EXPERIMENTAL METHODS

10

Chapter 2

Introduction

Many variations of techniques to increase the number of leads in the cubic cell
have been attempted in this work. Each (n)th variation described in Part II, was
founded on the experience from/observation of the results obtained with the (n − 1)th
technique variation.

2.1

General High Pressure Method For 200-ton Cubic Anvil Press

Experiments for this thesis were conducted using a 200-ton cubic anvil press as
shown in Figure 2.1. The press is a H. Tracy Hall design and it employs six hydraulic

11
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rams fixed to a solid frame (Liebermann, 2011) and each ram advances a sintered
WC 6wt%Co anvil. The anvil can be geometrically described as a cylinder with five
facets at one end, shaped like a frustum of a tetragonal pyramid; the end truncation
has a square face with an edge length of 0.500 inches1 (Figure 2.2). Each anvil is
press-fitted into a binding ring (Figure 2.3), and this anvil-binding ring assembly
is mounted to the end of the hydraulic ram. During the HPHT experiment, the
anvils of the press are simultaneously driven together by the hydraulic rams. As
they converge, they contact and apply force to a pyrophyllite cell, referred to as the
"pressure cell", containing the sample. The cubic pressure cell has an edge length of
0.625 inches, 25% longer than the edge length of the anvils. As the anvils advance,
the pyrophyllite pressure medium is extruded out the edges of the cell to fill the
small spaces in between the sloping facets of neighboring anvils. These lengths of
compressible pressure medium are known as gaskets (Figure 2.4). These self-extruded
gaskets support the pressure gradient between the high-pressure environment inside
the cell and the ambient pressure of the laboratory. The pressure gradient is sustained
by the friction within the gasket and the friction of the gasket-facet interface (Ito,
2007).

2.1.1

Cubic Pressure Cell

Pyrophyllite (Al4 Si8 O20 (OH)4 ) is a naturally occurring metamorphic mineral and
is often referred to as "pipestone". It is used as the only pressure medium for
1

Imperial units are presented throughout this work rather than the customary SI units since the
majority of the tooling and machinery used in producing pressure cells were in Imperial units.
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(a) 200-ton cubic anvil press. Meter stick for
scale

(b) A close-up view of the anvil arrangement
within the 200-ton press.

Figure 2.1: The 200-ton cubic anvil press apparatus.

Figure 2.2: Sintered WC 6wt%Co anvil
with 0.500 inch edge length square truncated face. This anvil is press-fitted into
a binding ring.

Figure 2.3: Binding ring containing a
press-fitted sintered WC 6wt%Co anvil
with 0.500 inch edge length square truncated face. Imperial ruler for scale
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Figure 2.4: Schematic cross-sectional diagram representing the initial gasket formation
stage for compression of a cubic pressure cell with self-extruded gaskets. This is one sectioned
view of the press on the basis of which many electrical circuits were referenced. The anvils
are labeled alphabetically and arranged in the same manner as they are found in the press.
Showing four of six anvils, the darkened inner square represents the original cubic pressure
cell. The lighter grey partial ellipses represent the forming gaskets: the pyrophyllite being
extruded into the gaps between sloping facets of neighboring anvils, and the yellow arrows
indicate the direction of flow of the extruding pyrophyllite. The fifth anvil (Anvil B) is
visualized as going into the image and compressing the cell’s front face, the sixth anvil
(Anvil D) is visualized as coming out of the image, compressing the rear face of the cell.

this experimental work. It was selected for its high electrical resistivity of 107 Ωm (Touloukian, 1967) which creates natural insulation between the wire pairs used
for measurements, and a low thermal conductivity of 4

W
m k

(Darhba and Schloessin,

1976). Pyrophyllite is free from holes and inclusions and is easily machinable. The
most important characteristic however, is that the pressure medium must have a shear
strength that increases with pressure (Boyd, 1962). This ensures that as the internal
pressure of the cell increases, the strength of the gaskets also increase, preventing a
"blow-out" event - which occurs when the pressure gradient within the gaskets is not
uniformly sustained, allowing the internal pressure to escape by localized, high speed
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ejection of material out into the laboratory environment. This can cause severe damage to the anvils and the press and it can also be a serious operational hazard if proper
safety precautions are not followed in the laboratory setting. There are two gasket
types used for MAA’s; those that are formed during compression (ie. self-extruded
gaskets) through the extrusion of the pressure medium in between the advancing anvil
facets, and those that have been pre-formed. Both are discussed in later chapters.

Construction of the pressure cell begins with machining a cube of pyrophyllite
with an edge length of 0.625 inches from stock material. Recall the sectioned diagram showing a typical pressure cell configuration with sample chamber; Figure 1.1.
The cube’s center is bored through and a zirconia sample capsule (container and lid
assembly) is machined and fitted into the center borehole. The container and lid both
have small, centered through-holes to pass an wire which makes contact on either side
of the sample material packed within. These wires are bent along a ninety degree
angle after exiting the capsule to reach the outer faces of the cell, together they make
one wire pair (a.k.a one electrode), which will provide a single two-wire measurement
across the sample. This pair of wires, which exit the cell from its left and right vertical faces, physically contact their mating anvil faces upon compression (Anvils F
and A, in Figure 2.4), and establish a through-anvil electrical measurement. Often,
a small square section of Cu foil (thickness 0.005 inches) is pierced at its center and
threaded through each end of the wire electrodes. The wires are subsequently coiled
on top of the foil to secure it in place, this increases the contact area between the
wire electrode and the anvil surface to ensure a strong and robust electrical connection. Two pyrophyllite plugs are inserted above and below the capsule to position the
container at the centroid of the cell. A Nb furnace surrounds the entire inner core to
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regulate the internal temperature of the sample (this furnace is not included in the
construction of pressure cells where temperature is not involved). The furnace is exposed at the top and bottom faces of the pyrophyllite cell, making contact with Anvils
E and C, establishing the through-anvil electrical measurement for the furnace. A
small through-hole is then drilled through the assembled cell as close as possible to
the sample capsule (passing perpendicularly through the furnace) for the placement
of the thermocouple. The thermocouple wire is exposed at the front and rear vertical
faces of the cell, making contact with Anvils D and B. Often, the outer faces of the
cell (excluding the exposed electrodes, furnace and thermocouple wire) are painted
with red Fe-oxide powder to increase the friction between the self-extruding gaskets
and the anvil facets for the purpose of increasing the strength of the pressure gradient
sustained through the gasket material.

It must be noted that throughout this experimental work, any reference to pressure readings are made to the hydraulic oil pressure read on the Heise oil pressure
gauge attached to the press. For experimental work concerning the HPHT behaviour
of a certain material, the hydraulic oil pressure readings would be converted to report actual sample pressure using pressure calibration curves. This was not needed
since this work focused on technique development. Actual pressures experienced by
a sample subjected to hydraulic oil pressures up to 6,000 p.s.i would be typically ∼ 5
GPa.

Chapter 3

Self-Extruded Gasket Techniques

3.1

Introduction

One way to increase the number of wire measurements in a cubic pressure cell
to more than three, is to force one of the pressure cell faces to host more than one
electrode. This resulted in the need to eliminate the through-anvil conduction for
the double-electrode cell face, as two electrodes could not conduct over one anvil face
without crossing their signals. Some electrical barrier in between the wire leads and
the anvils was needed. To address this, two barrier techniques were developed. One
technique employed a PVD coating applied directly onto the surface of the anvil,
and the other made use of an electrically inhibiting material known as phenolic. Five
different cell configurations were evaluated using the self-extruded gasket technique

17
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in conjunction with the two aforementioned electrical barrier techniques.

The following section presents a summary of how gaskets are formed by extrusion
and then the methods for each experimental cell design are presented. The experimental results and a comprehensive discussion for each method developed in this
chapter can be found in Chapter 6. Tables 6.1, 6.2, and 6.3 provide summary results
of the techniques explained in the following sections.

3.1.1

Self-extruded gaskets

The gasketing system for the cubic pressure cell was the most critical aspect of
the experiments run on this MAA. Any fault in the gasketing system would cause the
release of the internal high pressure of the cell, usually in the form of a "blow-out".
Although each pressure cell has its own set of compressional dynamics relating to
the specifics of the individual cell’s geometry, the general formation process for an
extruded gasket is described by Lees (1966) as a two-stage process. As the anvils
converge and contact the pressure cell, the load (hydraulic oil pressure) rises rapidly
to approximately 150 psi, coinciding with the maximum shear strength of pyrophyllite
at room temperature. At this pressure, gasket extrusion begins from the edge lengths
of the pressure cell as pyrophyllite starts to flow out to fill the small spaces in between
the sloping facets of neighboring anvils. Subsequently, the pressure falls off due to
the accomodation of the applied force by the flowing gaskets. As extrusion slows,
a second rapidly rising pressure profile develops, the gaps between the anvils close,
which further compress the extruded gaskets. Figure 3.1 shows the flow patterns of
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Figure 3.1: Flow patterns of a tetrahedral pyrophyllite pressure cell showing the deformation patterns formed during compression. Vectors show direction and magnitude of pyrophyllite flow. (Lees, 1966)

a pyrophyllite tetrahedral pressure cell, demonstrating the small yet intense regions
of deformation to the pressure cell during gasket formation. There is very little to
no flow observed at the centroid of the cell as the majority of flow is observed along
the edge lengths of the cell (where each gasket is formed) as well as from just behind
the pressure cell faces. The greatest flow originates at the corners of the pressure
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cell; almost 25% of the pressure cell’s mass goes into the formation of the gaskets
(Ashcroft and Lees, 1963). Such an intense process induces a high amount of shear
strain and stress, an effect that is most problematic for pressure cells having 4-wire
measurement configurations, as they often have through-gasket wire orientations for
one or more of their measurement wires. These through-gasket wire electrodes are
often damaged, strained beyond reliable use, or pinched off (ie. the wire is severed
and electrical continuity is lost) during gasket formation.

When selecting a gasket material, several properties are required of a pressure
medium to achieve optimal performance during high-pressure experiments: low internal friction, low compressibility, low thermal conductivity, very low electrical conductivity (since the pressure medium must provide electrical insulation between the wires
as well as between the internal components of the cell) (Boyd, 1962), high melting
point that increases with pressure, chemical inertness, and stability at high-pressure
and high-temperature conditions. All of these properties must be considered when
choosing a pressure medium as they are all critical to the formation of a sound gasket
system (Ito, 2007).
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Methods

Coated Anvil Techniques

Physical Vapor Deposition (PVD) is a thin film coating process performed in a
vacuum at a typical working pressure of 10 mbar. There are two mainstream types of
PVD; (1) evaporation - in which a cathodic arc or electron beam source is used, (2)
sputtering - where magnetically enhanced sources (ie. magnetron) of cylindrical or
hollow cathodes are employed. Once under vacuum, the substrate prepared for coating is bombarded with energetic, positively charged ions for a predetermined length
of time. Reactive gases such as nitrogen, acetylene or oxygen may be introduced
into the vacuum chamber during deposition to create various compound coating compositions. The result is a very strong bond between the coating and the substrate
to which physical and structural properties can be tailored by the addition of such
aforementioned gases.

An Edwards Auto500 Sputter Deposition machine, located in the Nanofabrication
Laboratory at the Western University, was used to coat the square face of two WC
anvils. This machine was manufactured to coat small, square samples of sheet metal
or ceramics sized approximately at 1.0 inch2 x

1
8

inches thick. Therefore, a special

fixture (Figure 3.2) was needed to hold the WC anvil in an inverted position during
coating. Typically, sixty minutes in this machine would yield a maximum density
coating. However, since the WC anvil had radically different dimensions and surface
orientations than a typical substrate, the run time was extended to ninety minutes.
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Two WC anvils were coated, one with SiO2 and the other with Al2 O3 ; they were
selected for their toughness and their ability to provide electrical insulation.

Figure 3.2: Al fixture used for PVD coating the WC anvils, designed and fabricated
in-house.

3.2.1.1

PVD sputtered SiO2 coating on WC anvil face

The first WC anvil was coated with SiO2 and ninety minutes of PVD sputter
deposition yielded a coating thickness of ∼ 6,000 Å (ie. ∼ 0.6 µm). This insulating ceramic had potential to have multiple electrical leads in direct contact with the
surface of the anvil without any through-anvil conduction. Resistance of the coating was tested using an HP 4329A High Resistance Meter and then re-tested after
compressing a blank pressure cell (no sample or electrodes were included), to ensure
the coating was not damaged due to the flow of pyrophyllite under pressure. The
resistance of the coating was found to be sufficiently high (ie. > 109 Ω) for these
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experimental purposes.

The integrity of the electrically insulating coating, while subjected to the compressional and shear forces of the typical pressure cell, was tested by developing a cell
containing two electrodes. One end of each electrode was positioned on the same face
of the pressure cell (the bottom face) while their opposing ends were routed to two
different faces of the cell (the top and side vertical faces were used). In this manner, it
could be seen if multiple circuits were able to successfully conduct over a single coated
anvil surface. Pt wire (diameter 0.010 inches, purity 99.5%) was used as the electrode
material to eliminate potential chemical reactions between the coating and the electrodes. The ends of both electrodes, which shared the bottom face of the pressure
cell, were melted to form a small 0.010 inch sphere that was flattened, perpendicular
to the wire, to create a slightly pronated disk which made contact with the coated
anvil surface (Anvil F ). These two electrode configurations, exposed side by side on
the bottom face of the cell (Figure 3.3a), were used often in the remainder of this
experimental work. They are therefore explained in detail and are termed for future
reference. The leftmost electrode followed a straight-line path through the cell (ie. at
180◦ ) to exit the top face; this electrode configuration is termed Electrode-180 from
this point forward. The rightmost electrode followed along a 45◦ path through the cell
to exit the rightmost vertical face; this electrode configuration is termed Electrode-45
from this point forward. Moreover, the electrical lead connecting with Electrode-180
is known as Lead-180 and, similarily the lead connecting with Electrode-45 is known
as Lead-45. This pressure cell configuration (one cell with two electrodes starting
on the same cell face and ending on the top and right vertical cell faces) is known
from this point forward as a D.E. pressure cell ("D.E." for Double-Electrode). This
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particular cell, containing Pt electrodes, was named D.E.Cell.1, seen in Figure 3.3b.

(a) Pronated disk ends of Pt electrodes.

(b) Isometric view showing Cu foil underneath
coiled Pt electrode ends.

Figure 3.3: D.E.Cell with two Pt electrodes on the bottom surface of the cell. Letters
denote the corresponding faces of the cube through which the electrodes exit.

Electrical leads were required that could enter the pressure environment and connect with the electrodes to complete the two individual circuits through which electrical measurements were made. Two leads were constructed from household Al foil
(thickness 0.001 inches) to sit on top of the coated anvil surface and individually
connect with each pronated electrode. They were secured directly to opposing facets
of the coated anvil, using electrically insulating tape (thickness 0.045 inches), in an
attempt to reduce the amount of strain experienced by the Al leads. In this position,
it was anticipated that the leads would remain underneath the extruding gaskets,
rather than being surrounded on all sides by flowing pyrophyllite (Figure 3.4). The
leads then extended another seven inches to connect with a Solartron 7061 Digital Multimeter. Each Al foil lead was sandwiched between two eight-inch lengths
of electrically insulating tape to ensure the foil did not contact the anvil, shown in
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Figure 3.4: Plan view of the SiO2 coated WC anvil surface, shown with the two Al foil
leads exposed, making contact with the coated anvil surface on the underside and the two
Pt electrodes on the upper side. The remaining lengths of the leads are protected on each
side with electrically insulating tape.

Figures 3.5 and 3.6. This entire assembly created two independent circuits through
which resistance measurements were taken to monitor the performance of the coating
during compression of the pressure cell.

D.E.Cell.1, shown in Figure 3.7, was positioned in the press so that the circuits described in Figure 3.8 were created. The pronated end of Electrode-180 made contact
with the leftmost Al lead while the unaltered end of this wire electrode made contact
with Anvil A. The end of the leftmost Al lead was paired with Anvil A’s through-anvil
wire connection to create a circuit through which resistance measurements were taken.
This circuit configuration, named Circuit-180, was used multiple times throughout
the progression of this experimental work. The pronated end of Electrode-45 made
contact with the rightmost Al lead while its unaltered wire end made contact with
Anvil C. The end of the rightmost Al lead was paired with Anvil C ’s through-anvil
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Figure 3.5: Schematic diagram of SiO2 coated WC anvil with exposed Al leads, showing
the placement of the electrically insulating tape.

Figure 3.6: Schematic diagram of SiO2 coated WC anvil (shown as a sectioned side view)
illustrating the stacking sequence of the electrically insulating tape and Al foil against the
surface of the WC anvil.
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wire connection to create a second circuit, named Circuit-45, through which resistance
measurements were taken. D.E.Cell.1 was pressurized by continuously increasing the
hydraulic oil pressure of the press from zero to 500 psi. This initial process of uninterrupted pressurization from zero to 500 psi2 was necessary for the formation of a
sound gasket system using the 200-ton press. After reaching 500 psi, the pressurization continued in 200 psi increments to a final pressure of 2,300 psi, while manually
recording the resistance measurements of both circuits taken by the Solartron 7061.

Figure 3.7: D.E.Cell.1 - pyrophyllite cell with two electrodes, the pronated ends of the
Pt electrodes (bottom face) sit on top of the exposed Al leads (only one lead is seen). The
assembly is secured to the anvil with two strips of masking tape, only one is visible in this
image.

3.2.1.2

PVD sputtered Al2 O3 coating on WC anvil face

The second WC anvil was coated with Al2 O3 for a duration of ninety minutes,
yielding a coating thickness of ∼ 3000 Å (ie. ∼ 0.3 µm). The difference in coating
2

This process is executed in every pressurization performed in this experimental work, it is only
described here and is henceforth implied for the remainder of this work.
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Figure 3.8: Schematic diagram of Circuit-180 and Circuit-45. Pyrophyllite cell is seen in
the center with two Pt electrodes (blue), connected to two Al leads (black).

thicknesses, as compared to that of the SiO2 , was expected since the crystalline density
of Al2 O3 (4.1

g
)
cm3

is almost double that of SiO2 (2.3

g
).
cm3

This coating was visible to

the naked eye (unlike the SiO2 ) as a colourful banded reflection (Figure 3.9). Newton’s
Rings theory suggests that the appearance of such multi-coloured rings indicates a
non-uniform thickness over the exposed sloping facets of the WC anvil. This was
not an issue for this experimental work since interest lies only in the integrity of the
coating applied to the truncated surface of the anvil and not the facets. The truncated
surface had a uniform thickness, evidenced by its uniform colour.

To test the durability of the Al2 O3 coating, a D.E. cell, similar to D.E.Cell.1.
was used with the following modifications; (1) - the pronated Pt electrodes were
moved farther apart relative to the center of the cell, minimizing the possibility of
the electrodes making contact with one another during compression of the pressure
medium (Figure 3.10), (2) - the Al foil leads were completely encased with a single,
long piece of electrically insulating tape on both sides, excepting two perforations
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Figure 3.9: Image (plan view) of the Al2 O3 coated WC anvil truncation. The rainbow
coloured Newton’s rings suggest uneven coating thickness.

Figure 3.10: Close-up image of Al leads, encased on either side with a single piece of
electrically insulating tape. Each Al lead was exposed (on either side) by a hole punched
through the electrical tape.

Figure 3.11: Full view of the Al2 O3 coated WC anvil with Al leads.
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(diameter 0.150 inches), seen in Figure 3.11. These allowed for each individual Al
lead to make contact with the coated WC anvil surface on the underside, and with
the cell’s pronated Pt electrodes on the top side. The envelopment of the Al leads
aided in preventing the exposed Al leads from being severed during gasket formation
as well as to prevent damage to the coating caused by direct contact of the Al foil
under pressure. This cell, named D.E.Cell.2, was positioned in the press in the
same orientation as D.E.Cell.1 so that the same two circuits were created; Circuit180 (Lead-180 paired with Anvil A) and Circuit-45 (Lead-45 paired with Anvil C ).
This cell-anvil configuration was pressurized to 2,300 psi, in 200 psi increments, while
manually recording the resistance measurements taken by the Solartron 7061 for both
circuits.

3.2.2

Phenolic Barrier Techniques

As an alternative to applying an electrically insulating barrier to the surface of
the WC anvil using PVD coatings, an electrical barrier was incorporated directly into
the design of the pressure cell. The selection criteria for the material that would be
used for this electrical barrier were as follows. The selected material needed to be
easily machinable, able to resist deformation under pressure, and able to maintain its
insulating properties under high pressure and high temperature. A laminate specimen
of Phenolic was chosen as the barrier material. It had been previously selected for this
lab, based on these same criteria, to serve the related purpose of providing electrical
insulation between the anvils and the press frame for a Walker -type octahedral MAA.
It possesses low moisture absorption, low dissipation factor and is able to maintain
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these electrical characteristics over a wide range of humidities and temperatures. Two
types of phenolic were used as insulating barriers in the following cell designs.

3.2.2.1

Phenolic Barrier Inlay (G-10/FR-4 Phenolic - Circular)

A high-pressure glass epoxy laminate phenolic (G-10/FR-4 ), was used as the
insulating barrier for the following pressure cell design. This phenolic was a continuous
filament woven glass fabric, impregnated with epoxy resin. As done with the PVD
coating, the phenolic was tested to ensure it could withstand the shear forces created
during the extrusion process of the cell’s gaskets without compromising its insulating
properties. Using a 0.625 inch edge length cubic pyrophyllite cell, circular pockets
(diameter 0.437 inches, depth 0.016 inches) were cut into five of the six cell faces,
seen in Figure 3.12. A borehole for the electrode (diameter 0.020 inches) was drilled
through the center of the top of the cell (the face with no pocket) to the center of
the bottom face. A scallop (diameter 0.100 inches, depth 0.010 inches) was machined
on the bottom face of the cell, at the end of the borehole, this contained the coiled
end of the electrode. Since there was no potential for any chemical reaction between
phenolic and a wire electrode (the phenolic laminate was an inert material), Fe wire
(diameter 0.010 inches, purity 99.95%)3 was used for the electrode material rather
than the more expensive, less easily obtained Pt. When melted in air, Fe wire oxidizes
and therefore the electrodes were coiled to create contacts for the electrodes rather
than melted into pronated disks (Figure 3.13).
3

This wire was used as the electrode material for the remainder of this work. From this point
forward, the electrode material is no longer described in the text; any reference to electrode implies
Fe wire with diameter 0.010 inches and purity 99.95%, unless otherwise stated.
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Figure 3.12: 0.625 inch edge length pyrophyllite cell, showing five of six faces with
circular pockets, sized to hold circular phenolic inserts.
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Figure 3.13: Images showing the details
of the circular pockets for the phenolic inserts and the scallop containing the electrode coil.

The phenolic inserts were a challenge to cut to size due to their fibrous weave.
By compressing several sheets of phenolic between one piece of boron nitride and one
piece of pyrophyllite, the phenolic inserts were turned down to size on a jeweler’s lathe
(Figure 3.14). They were secured into their pockets on the pressure cell using a pinhead sized dollop of Loctite 454 instant adhesive. A square piece of Cu foil (thickness
0.005 inches) was pierced at its center and threaded through the end of the exposed
Fe wire. The wire was then coiled on top of the foil to secure it into place. This
single-circuit cell was named S.E.Cell.1 ("S.E." for Single-Electrode). In addition
to testing the insulating properties of the phenolic, this pressure cell configuration
was evaluating the durability of the phenolic insert against piercing by the electrode
during a pressure cycle (Figure 3.15). The additional phenolic inserts (those on the
vertical faces of the pressure cell) were included in the cell design to observe how the
laminate reacted under the pressure and strain of the extruding gaskets, as well as
how the overall cell performed with so many added features. It was crucial that the
gaskets were formed, uninhibited by the phenolic inserts. The cell was positioned in
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the press so that the phenolic insert covering the electrode coil was on top of Anvil F 4
and the exposed end of the electrode made contact with Anvil A. The through-anvil
wire connections for both Anvils F and A were paired to create a single circuit, named
Circuit-X, from which resistance measurements were taken using the Solartron 7061.
This cell-anvil configuration was pressurized to 5,000 psi, in 200 psi increments, while
manually recording the resistance measurements of the single-circuit cell.

Figure 3.14: Several phenolic sheets are compressed between a cylinder of boron nitride
(white) and pyrophyllite (grey). The entire assembly was turned down to diameter 0.500
inches.

3.2.2.2

Phenolic Barrier Inlay (G-10/FR-4 Phenolic - Square)

A 0.500 inch diameter circular barrier did not provide full coverage of the 0.500
inch square-truncated face of the WC anvil face, an aspect of the barrier design that
was not considered in the last pressure cell design. The insert shape was therefore
4

Note that "Anvil F" is the title given to any anvil which is placed at the end of the piston
denoted "F" on the press. The previously PVD coated anvils which held this position were removed
and replaced with un-coated WC anvils for the remainder of this work.
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Figure 3.15: Pyrophyllite cell with 0.500 inch diameter circular phenolic inserts and Cu foil
threaded through the coiled Fe electrode. The inserts are secured with Loctite 454 adhesive
(dark circular areas behind the inserts).

changed to match that of the truncated anvil (0.500 inch edge length square), ensuring
that an electrical connection between a wire passing beneath the phenolic and the
truncated anvil face was not possible. A 0.625 inch edge length pyrophyllite cube
was given square pockets (edge length 0.500 inches, depth 0.016 inches) on five of the
six faces of the cell, see Figure 3.16. The phenolic inserts were cut using an Accurite
Three-Axis CNC Mill (Figure 3.17), capable of cutting to a precision of 0.0001 inches.
It was therefore possible to size the inserts with enough accuracy so that no adhesive

Figure 3.16: 0.625 inch edge length pyrophyllite cell with 0.500 inch edge length square
pockets for phenolic inserts, five of six faces are pocketed.
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was necessary to secure them into their pockets (Figure 3.18).

Figure 3.17: Accurite CNC Three-Axis
Mill, used for manufacturing the majority of
pressure cells for this research. (UWO Earth
Sciences machine shop)

Figure 3.18: Accurite CNC Three-Axis
Mill machining a square, 0.500 inch edge
length square phenolic laminate insert
with ±0.001 inch accuracy.

Since the round phenolic insert was successful at maintaining structural and electrical barriers, it was safe to assume the square shaped inserts would perform in
the same manner. This cell was therefore chosen to serve the dual purpose of evaluating the performance of the square phenolic insert and testing a through-gasket
wire measurement. The through-gasket wire orientation was purposefully not used
in the methodology of this work, as previously discussed in section 3.1, since a
through-gasket wire orientation was not a reliable measurement option while us-
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ing self-extruded gasket techniques. However, pressurizing one pressure cell with
a through-gasket electrode facilitated a first hand observation of the dynamics between extruded gasket formation and through-gasket wires. It was decided that this
was necessary to provide valuable insight, aiding in the modification and design of
future pressure cells. For this pressure cell, named S.E.Cell.2, the electrode wire entered the cell through the top face (without laminate insert) and traveled through
the cell along a diagonal to exit through the lower right, horizontal edge length of the
cell, creating a through-gasket wire lead. The exposed through-gasket electrode was
partially wrapped with a Cu wire (diameter 0.003 inches) over-winding only along the
length of the electrode that was within gasket formation range, see Figure 3.19. The
purpose of the over-winding was to provide additional material around the electrode
to absorb the strain during gasket extrusion. This was done as an attempt to protect
the electrode against necking during gasket extrusion and the subsequent compression. S.E.Cell.2 was positioned in the press so that the top face of the pressure cell
with the exposed electrode made contact with Anvil A while the through-gasket electrode was positioned to rest between the facets of Anvil F and Anvil C. Two lengths
of electrically insulating tape were applied to the anvil facets along the passage of
the electrode to ensure against cross-anvil conduction. The through-gasket electrode
was paired with the through-anvil wire connection for Anvil A to create Circuit-Y,
through which resistance measurements were taken using the Solartron 7061. This
cell-anvil configuration was pressurized to 2,500 psi, in 200 psi increments, while
manually recording the resistance measurements of the single-circuit cell.
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Figure 3.19: A 0.625 inch edge length pyrophyllite cell with 0.500 inch edge length square
phenolic laminate inserts and through-gasket Fe wire lead coiled with Cu wire.

3.2.2.3

Phenolic Barrier Inlay (C. E. Phenolic - Square)

A phenolic material more resistant to deformation under the pressure and strain
of gasket extrusion was required. The Western University Engineering machine shop
provided several samples of Canvas Electrical ("C. E.") grade phenolic with varying
thicknesses (Figure 3.20). The thinnest of the samples (thickness 0.047 inches) was
chosen since it had the least geometrical impact on the design of the pyrophyllite
cell. Unlike the thin phenolic laminate material used in previous pressure cells, the
thickness of this phenolic was such that it impacted the geometry of cell assembly
and the dimensions of the pyrophyllite required adjustment. The cell height was
reduced by the amount of the thickness of the phenolic (0.047 inches) so that the
entire pressure cell assembly occupied the same volume of space within the pressure
environment of the press; this ensured that all anvils simultaneously made contact
with each face of the cell assembly with equal applied load.
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Figure 3.20: Three samples of phenolic with varying thicknesses provided by the Western
Engineering Machine shop for possible electrical barrier inserts.

This cell was machined from stock pyrophyllite with 0.578 inches height, 0.625
inches width and 0.625 inches depth. The two boreholes (diameter 0.020 inches)
drilled to accommodate the electrodes, were scalloped at either end to contain the
coiled ends of the electrodes. To complete the circuits, two leads were needed to
connect with the coiled ends of the two electrodes situated on the same face of the
pyrophyllite cell. A lead material, more robust and easier to handle than the previously used Al foil, was needed to connect with the coiled electrode ends. The same
Fe wire used for the electrodes was used for the lead5 wires. As done for the Al foil
leads, these wire leads needed electrical insulation. Instead of using electrically insulating tape, an 8-inch long section of polyethylene tubing (I.D. - "Inner Diameter "
0.030 inches, O.D. - "Outer Diameter " 0.048 inches) was sheathed over each wire
lead (wire length 8.50 inches). This tubing not only served as an electrical barrier,
5

As previously noted for the electrode material, Fe wire was used as the lead material for the
remainder of this work. From this point forward, the lead material is no longer described in the text;
any reference of lead implies Fe wire with diameter 0.010 inches and purity 99.95%, unless otherwise
stated.
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Figure 3.21: 0.500 inch edge length square
phenolic insert with one of two Fe wire leads
sheathed in the polyethylene tubing. The
coiled end contacts the coiled Fe electrodes
in the pyrophyllite cell. Adjacent is a side
view of the phenolic insert.
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Figure 3.22: Pyrophyllite cell shown with
two coiled Fe electrodes, galleries cut for
the polyethylene tubing and scallops cut
to contain the coiled ends of the Fe electrodes which contact the coiled ends of the
Fe leads.

it also aided in protecting the lead wires from possible necking and being pinched off
during gasket formation. The end of each lead, in contact with the coiled ends of
the electrodes, was also coiled to provide maximum contact between the lead and the
electrode (see Figures 3.21 and 3.22). Accordingly, the coils were left un-sheathed by
the polyethylene tubing. The addition of the polyethylene tubing increased the O.D.
of the leads (as an assembly) to 0.048 inches; thus, they required a designated space
in which to reside while positioned between the phenolic insert and the bottom of
the pyrophyllite cell. The thickness of the insert allowed for two rectangular galleries
(width 0.050 inches, depth 0.0235 inches) to be milled into a square section of the
phenolic (edge length 0.500 inches). Two mating galleries on either side of the coiled
electrodes (width 0.050 inches, depth 0.0625 inches) were cut into the bottom of the
pyrophyllite cell, providing the remaining space to secure the tubing. The leads were
secured into the phenolic galleries using a pin-head sized dollop of Loctite 454 and
the phenolic was then mated to the underside of the pyrophyllite cell (Figure 3.23).
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The straight ends of each electrode, exiting the top and right faces of the pressure
cell, were coiled on top of a small square section of Cu foil.

This cell, named D.E.Cell.3, was positioned in the press to create the previously
described Circuit-180 and Circuit-45. Electrically insulating tape was secured to the
sloping facets of Anvil F, only where the leads were routed, as a precaution against
electrical contact between the leads and the anvil should the polyethylene tubing
break or split under pressure. This cell-anvil configuration was pressurized to 3,000
psi, in 200 psi increments, while simultaneously taking resistance measurements using
the Solartron 7061. A rapid data aquisition software written in LabView was used to
record the results that were taken by the Solartron 7061.

Figure 3.23: The interface between the phenolic and the pyrophyllite cell for D.E.Cell.3
assembly. Seen on the right side of the cell is scotch tape used to hold the cell and phenolic
stable while handling the cell for imaging, the tape was removed before pressurization.

Chapter 4

Pre-Formed Gasket Techniques Using
A Three-Axis Mill

4.1

Introduction

It had become clear that the survival of the electrical leads during gasket formation
was critical to the success of this work. As pre-formed gaskets had the ability to
dramatically reduce the amount of extrusion during gasket compression (the primary
cause of damage to the lead wires), the switch from using a pressure cell designed
to have self-extruded pyrophyllite gaskets to using a cell designed with pre-formed
pyrophyllite gaskets was made to address this issue.
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Three machining techniques were developed using the Accurite three-axis mill
to create several different iterations of pressure cells with pre-formed gaskets. Additional to the different iterations of gasket design, was the variation of lead protection
(tubing) materials used in an effort to find a more robust resistance to the dominant shear forces and also the accompanying compressional forces. Four different cell
configurations were evaluated.

The following section provides a summary of how pre-formed gaskets are made and
then the methods for each experimental cell design are presented. The experimental
results and a comprehensive discussion for each method developed in this chapter can
be found in Chapter 7.

4.1.1

Pre-formed gaskets

Cell design is an extremely difficult aspect of HPHT experimentation to constrain
since, not only are pressure medium selection and cell design inter-dependent, but
they must take into account the pressure and temperature ranges, and the measurement techniques required of the experiment. The mechanical interaction between the
cell and the MAA is a relationship unique to each apparatus. It has been so far
impossible to model a "perfect cell design" that applies to all HPHT experiments,
shown by Yoneda et al. (1984), as they attempted to derive theoretical mechanical
parameters for an ideally performing gasket for an octahedral anvil apparatus. They
used gaskets formed by extrusion as a model. However, their results were not applicable to the formulation of the geometrical design of the gasket. To date, no other
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work has resolved this issue and it remains that these parameters must be determined
empirically for each individual type of experiment.

One of the most challenging aspects of using a pre-formed gasket was knowing their
appropriate thickness. If the gaskets were made too thick, a considerable amount of
extrusion was required in order to thin out the excess material, resulting in deterioration of the cell assembly, which often caused severe damage to the electrodes. Also
possible was that the sample would experience a reduced load from the anvils because
the gaskets were supporting the majority of the load (ie. the over-sized gaskets were
compressed to their maximum limit, not allowing the anvils to advance any further).
On the other hand, if the gaskets were made too thin, the maximum pressure was
not achieved at maximum load (Eremets, 1996). This condition also presents the
possibility that the anvils could have advanced far enough during pressurization that
anvil-to-anvil contact was made (their edge lengths meeting in direct contact), limiting any further increases in pressure since the anvils would no longer be able to
advance. This particular scenario carried a high overall risk of severe damage to the
anvils as well as the entire press.

For the 200-ton press used in this work, gasket thickness was determined empirically, based on the measured gasket thickness of prior experiments that have produced
repeatable and reliable results (often from calibration studies). It must be noted that
measuring the gasket thickness of a recovered cell was difficult as the material was
irregular in width, brittle, thoroughly fractured and often crumbled at the lightest
touch. This also made the geometrical parameters of the extruded gaskets almost
impossible to evaluate. Therefore, a quantitative approach was used as an initial
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evaluation of the gasket geometries for the 200-ton press. The results were applied
to determine geometry on which to base the design for the individual pre-formed
gaskets.

4.1.2

Quantitative Determination of Gasket Geometry

For typical experiments performed using the 200-ton press with 0.500 inch truncated anvils and at pressures ∼ 5-6 GPa, typical gasket thicknesses of recovered cells
measured ∼ 0.033 inches ± 0.005 inches. The pre-formed gaskets were therefore
designed to have approximately this same thickness and variation. The following
calculations were carried out to deduce the geometrical parameters required for manufacturing the pre-formed gaskets.

Volume of the uncompressed pyrophyllite cell with a starting edge length 0.625
inches was calculated as V1 ,
V1 = (0.625 in.)3
V1 = 0.244 in.3

(4.1)

The measured edge length of a recovered cell (after decompression and removal of
any remaining gasket material) was 0.544 inches. This volume was calculated as V2 ,
V2 = (0.544 in.)3
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V2 = 0.161 in.3

(4.2)

The volume of each gasket was calculated as VGasket ,

VGasket =

V1 − V2
(one gasket on each edge of the cubic cell)
12

VGasket = 0.00692 in.3

(4.3)

VGasket was the target volume used to help deduce the length and thickness parameters for the pre-formed gasket design. The shape of the gasket was closest approximated as a trapezoidal pyramid of a given thickness, w, (Figure 4.1).

Figure 4.1: Diagram of a trapezoidal pyramid for pre-formed gasket design.

The volume of a trapezoidal pyramid was calculated as VT P ,

VT P = Area × w

VT P = a

b1 + b2
2

(4.4)

×w

(4.5)

Length b1 was the edge length of the recovered cell (0.544 inches). Variables a, w,
and b2 were unknown. Figure 4.2 shows that b2 can be expressed as a function of b1
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and x (Equation 4.7). The gaskets were formed at 45◦ and therefore, by the Isosceles
Triangle Theorem, x and a were equal (Equation 4.8). Substituting Equation (4.8)
into Equation (4.7), b2 was expressed in terms of b1 and a (Equation 4.9).

Figure 4.2: Diagram of a trapezoidal pyramid showing correlation between edge lengths
b1 and b2.

b2 = b1 + 2x
x = a (Isosceles Triangle Theorem)
b2 = b1 + 2a

(4.6)
(4.7)
(4.8)

Equating VGasket and VT P and substituting in Equation (4.9) for variable b2, gave:

VGasket = VT P


b1 + b2
=a
×w
2


b1 + b1 + 2a
×w
=a
2


2b1 + 2a
=a
×w
2


2(b1 + a)
×w
=a
2
VGasket = a(b1 + a) × w

(4.9)

(4.10)

M. A. Burford

47

Equation (4.11) is an expression for the geometrical parameters of a pre-formed
gasket for a cubic pressure cell.

To evaluate this expression, an "ideal gasket geometry" case was modeled based
on the parameters from a typical recovered cell. Therefore, VGasket was the value
calculated in Equation (4.4), w was the average gasket thickness measured in past
experiments (0.033 inches) and length b1 was the edge length of a recovered cell (0.544
inches). Using these parameters, a was evaluated and used to solve for an ideal length
b2:



VGasket
= a(b1 + a)
w


0.00692
= a(0.544 + a)
0.033
0 = a2 + a0.544 − 0.210

(4.11)

(4.12)

Solving the quadratic equation yields two solutions for a: 0.261, and an extraneous
solution of −0.805. Substituting a = 0.261 back into Equation (4.8) yields: b2 = 1.07
inches. This revealed that ideally, the pre-formed gasket should have the following
parameters: b1 = 0.544 inches, b2 = 1.07 inches, a = 0.26 inches and w = 0.033.

Recall, this was an "ideal" case and that the actual geometry of the extruded
gasket was much more complicated. The geometry of the manufactured pre-formed
gaskets however, had certain constraints, which must be taken under consideration so
that the final gasket geometry was realistically possible to manufacture. The gaskets
that were formed by extrusion were thinnest at the threshold where the gasket met the
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edge length of the cell (the cube of pyrophyllite remaining intact after compression).
This created the geometry of a tapered trapezoidal pyramid, where the thickness at
length b1 was 0.033 ± 0.005 inches and decreased along a, towards b2. Machining
capabilities of the Accurite mill did not allow for the pre-formed gaskets to be made
with this drafted geometry. The manufactured gaskets needed to have a constant
thickness throughout the width w, to preserve structural integrity. Furthermore,
the pyrophyllite was only machinable to a minimum width of 0.040 inches without
inevitable fracture. The calculation was re-evaluated with w = 0.040, and using the
values VGasket = 0.00692 in3 and b1 = 0.544 in. Substituting these numerical values
into Equation (4.11) produced another quadratic equation:


0.00692
0.04


= a(0.544 + a)

(4.13)

0.173 = a2 + a(0.544)
0 = a2 + 0.544a − 0.173

(4.14)

Solving the quadratic equation yields two solutions for a: 0.225, and an extraneous
solution of −0.769. Therefore, for a gasket with a thickness of 0.040 inches should
have a length:

a = 0.225 inches

(4.15)

Back substitution of Equation (4.15) into Equation (4.109) determined the final
geometrical parameters for the manufacture of the pre-formed gaskets: b1 = 0.544
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inches, b2 = 0.994 inches, a = 0.225 inches and w = 0.040 inches.

As a check to make sure the volume for both gasket geometries are equivalent,
(VGasket /VT P ) was calculated:


VGasket
VT P


=1

(4.16)

There was now a defined geometry, physically possible to create, for a pre-formed
gasket that was very close to that of a traditional extruded gasket. This geometry
however, was modeled after a cell that had already been compressed. There was
therefore a concern that there may not be enough pressure medium present in the cell
to be compressed and transfer that pressure to a sample whithin the cell. The Edge
Length-to-Gasket Thickness proportional constant of the compressed cell (determined
by trial and error) was a factor of 16 (Equation 4.17):
0.544
= 16
0.033

(4.17)

The percent difference in the gasket thickness between the extruded gaskets of
the compressed cell and the gasket thickness of the new geometry is a 17.5% increase
(Equation 4.18):
(0.040 − 0.033)
= 0.175
0.040

(4.18)
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Therefore, in order to keep the proportional constant between the edge length of
the cell and the gasket thickness, the difference between the gasket thicknesses must
be multiplied by the proportional constant and applied as a percentage increase to
obtain the new edge length of an uncompressed cell with a pre-formed gasket thickness
of 0.040 inches:

0.175 × 16 = 2.80

(4.19)

The new edge length of a recovered cell must therefore be increased by 2.8%:

0.544 × 1.028 = 0.56

(4.20)

The complete geometrical parameters of an uncompressed cell with pre-formed
gaskets were now fully defined. The geometry for the gaskets was defined (b1 = 0.544
inches, b2 = 0.994 inches, a = 0.225 inches and w = 0.040 inches) and the edge length
of each face would be 0.56 inches (assuming there is essentially no reduction of edge
length during compression).
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Methods

4.2.1

C. E. Phenolic Inlay Techniques

4.2.1.1

First-Generation Pre-Formed Gaskets

The next step was to devise a way of machining a cell with pre-formed gaskets of
the previously determined geometry. A representation of an ideal cell was designed,
using SolidWorks software, as a single-part cell with all twelve gaskets attached and
machined from a single block of stock pyrophyllite (Figure 4.3). This was a direct
representation of a self-extruded gasketed cell formed in the 200-ton press. Due to
the machining limitations of the Accurite mill however, an exact replica of this cell
(created as a single solid piece) was simply not possible to manufacture. A fourth
axis would have been required. It was necessary to devise a way of segmenting this
ideal geometry into machinable components which could be then assembled.

Initially, four triangular sections were machined with gaskets on both short edge
lengths (Figure 4.4). Four of these components would then be assembled to create
a cell with eight of the twelve required gaskets intact (Figure 4.5). The remaining
four edge lengths would be fitted with individually manufactured gaskets. During
manufacture, however, every single part that was machined was chipped or broken,
rendering them mostly unusable. Even while being most careful, the large majority
of these delicate parts were snapped into at least two pieces. The delicacy of the thin
gaskets combined with the brittleness of the material and the small scale of each part
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prohibited this part design to be machined with a reasonable ratio of usable versus
non-usable parts. A new cell design was needed.

Figure 4.3: Solid rendition of the ideal pressure cell geometry with preformed gaskets.

4.2.1.2

Figure 4.4: Triangular
section of pyrophyllite with
gaskets. Four are assembled to make a complete
cell.

Figure 4.5: Four triangular sections with gaskets are
assembled to create a cell
with eight of its twelve preformed gaskets.

Second-Generation Pre-Formed Gaskets

A cell design was developed where a pyrophyllite cell was created with four existing gaskets and grooves were then machined in the remaining eight edge lengths
for inserting individually made gaskets (termed from this point forward as mobile
gaskets).
A bar of stock pyrophyllite (1.0 in.2 x 5.0 in.) was machined to have four preformed gaskets attached along the length-wise edges of the bar extending along a 45◦
angle. The gaskets were made as thin as possible (thickness 0.070 inches) without
frequent fracturing of the gasket lengths using the Accurite mill. The flat surfaces
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in between each gasket were 0.560 inches in length, and the thickness of the gaskets
provided an additional length (approximately half the gasket width) on either end.
This made the overall edge length of the square face the bar (excluding the extended
lengths of the gaskets) 0.658 inches, as seen in Figure 4.6. The small difference in
these lengths was laborious to properly reference while visualizing the cell in its
entirety. For this reason, the size of any cell having a pre-formed gasket will be
referenced henceforth as the "base cube" - defined as the length of the flat surface
along a perpendicular line between any two gaskets, which is constant for every face
of the cell. The pyrophyllite bar was cut into one-inch long sections, and the top and
bottom faces of each section were milled down (without machining away the gaskets)
to achieve a "base cube" of 0.560 inches (Figure 4.7). The edge lengths of the cell
which did not have attached gaskets were given slits (width 0.070 inches, depth 0.080
inches) using a slitting saw with a blade thickness of 0.040 inches (Figure 4.8). These
slits provided the grooves in which to place the additional mobile gaskets.

To manufacture the mobile gaskets, long fins of pyrophyllite (width 0.070 inches,

Figure 4.6: Side view and end view of pyrophyllite bar machined to have 0.070 inch thick
gaskets extending at 45◦ . Flat surfaces in between gaskets are 0.560 inches.
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height 0.200 inches, length 4.000 inches) were carefully machined using the Accurite
mill. The fins were then sectioned into one-inch lengths and hand-filed to fit securely
into their grooves (Figure 4.9). This was a long and tedious process since, at each
corner of the cell, there were three gasket edges that met and created a compound
angle. This made it challenging to file the ends of each gasket at exactly the right
angle in order for the three gasket ends to join seamlessly together. In such thin
sections, the pyrophyllite was very brittle and many gaskets were broken during the
fitting process. Once all gaskets were fitted, they were set into position by lightly wetting the b2 edge length of each gasket with Loctite 454 glue. This cell configuration
was named S.E.Cell.3, and is seen in Figure 4.10. The non-uniformity of the gaskets
shown in this figure was concerning. It would likely induce high stress and strain
concentrations within the anvils, resulting in chipping or cracking along the edges of
the anvil’s truncated face, as well as increasing the likelihood of a "blow-out" event.
S.E.Cell.3 was therefore not tested in a compression cycle due to its unsatisfactory
uniformity. This demonstrated the overall degree of difficulty in getting each gasket
corner angled just right. Although S.E.Cell.3 was determined un-fit for pressurization, it was important to include this method in this work since its failure led to the
realization that a fully automated manufacture technique was needed to achieve the
precise gasket placement required.

4.2.1.3

Third-Generation Pre-Formed Gaskets

Towards the goal of finding a more precise machining method for the pre-formed
gaskets, the following method was increasingly automated and included two different
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Figure 4.7: Pyrophyllite cell after both
top and bottom faces were machined (excluding gaskets) to achieve a 0.560 inch
"base cube".

Figure 4.8: Slitting saw (0.040 inch blade
thickness) used to provide 0.070 inch thick
grooves to accept the pre-formed mobile
gaskets.

Figure 4.9: Pre-formed mobile gaskets being fit into their designated grooves. The
gaskets were later individually cut to length
then hand-filed to fit in place.

Figure 4.10: Final S.E.Cell.3 assembly pre-formed gaskets were all hand-filed for a
proper fit, then secured in place with Locktite 454 instant adhesive.
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gasket lengths used to reduce the amount of filing required to fit the gaskets in place.
To create these gaskets, two pyrophyllite bars were cut (thickness 0.300 inches, length
5.0 inches), the first bar was given a width of 0.900 inches and the second was given
a width of 1.0 inches. Both bars were then bevelled along a 45◦ angle to achieve
their required trapezoidal shape, and then seated in the Accurite’s vice, one at a
time, standing upright, and slowly cut along the horizontal with the 0.040 inch thick
slitting saw (Figure 4.11). The bars were not fully cut through for separation of the
gaskets from the bar. Approximately 0.010 inches of pyrophyllite was left uncut to
provide structural support for the gasket edges. This reduced the risk of chipping or
breaking during the final separation of the gasket from the bar. Using this machining
method, it was possible to reduce the gasket thickness to 0.040 inches. Each gasket
was individually detached from the support by inserting a razor blade into the space
left between each gasket to break each individual gasket free, seen in Figure 4.12.

This cell was configured as a D.E. cell, similar to D.E.Cell.3, but the manner
in which the phenolic insert was incorporated into the cell assembly was modified.
Instead of having the phenolic resting on the outer surface of the cell (requiring an
adjustment of the cell height) this insert was completely recessed into the bottom
face of the cell6 . For the gaskets to maintain their 45◦ angle, the phenolic insert was
bevelled along a 45◦ angle along all four of its inside edges (Figure 4.13). A smaller
gauge size polyethylene tubing (I.D. 0.018 inches, O.D. 0.036 inches) was used to
further reduce the shear stresses on the leads during gasket formation. The lead
galleries milled into the surface of the phenolic were reduced in size (width 0.040
6

Two additional (and identical) cells were manufactured using this process, they were used in the
following two experimental methods.

M. A. Burford

57

inches) to accommodate the smaller gauge tubing. Matching galleries were cut into
the bottom surface of the cell. After assembly of this cell, the gaskets were coated with
a slurry made of alcohol and red Fe-oxide powder to increase the friction of the painted
gaskets against the anvil facets. This increases the friction between the sloping anvil
facets and the gaskets during compression (Figure 4.14), thereby strengthening the
compressed gaskets which helps to maintain pressure in the cell and prevent "blowouts". This cell, named D.E.Cell.4, was positioned in the press to create the familiar
circuits Circuit-180 and Lead-45 and Anvil C ’s through-anvil wire connection were
paired to create Circuit-45. Electrically insulating tape was secured to the sloping
facets of Anvil F. This cell-anvil configuration was pressurized to 5,100 psi in 200 psi
increments while simultaneously acquiring the resistance measurements from both
circuits using LabView taken by the Solartron 7061.

4.2.1.4

Third-Generation Pre-Formed Gaskets and Hypodermic Tubing
at the Lead-Gasket Interface

A more robust method of protection for the lead wires at the lead-anvil-gasket
interface was needed to aid in preventing the lead wires from being pinched off.
One-inch lengths of hypodermic tubing (O.D. 0.0380 inches, I.D. 0.0320 inches) were
installed at the lead-anvil-gasket interface of each lead wire for added protection
against damage. The tubes were bent along a 45◦ angle, providing the appropriate
shape to fit in between the phenolic and the gaskets of the cell. The hypodermic tubing
was sheathed with the polyethylene tubing for electrical insulation (Figure 4.15). This
was a challenging process since the O.D. of the hypodermic tubing and the I.D. of the
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Figure 4.11: Slitting saw cut the gaskets
from a bar of pyrophyllite. Gaskets were
made 0.040 inches thick.

Figure 4.12: Pyrophyllite bars of cut gaskets, shown how they are detached using a
razor blade.

Figure 4.13: Phenolic insert held in
the Accurite’s vice for machining the inner
edges along a 45◦ angle.

Figure 4.14: Assembled D.E.Cell.4 with
second generation gaskets coated with Feoxide powder.
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Figure 4.15: Phenolic insert shown with hypodermic tubing bent at 45◦ around the gasketformation regions of the Fe wire leads. The polyethylene tubing sheaths both the hypodermic
tubing as well as the Fe lead.

polyethylene tubing were identical. A successful fit was achieved by stretching the
I.D. of the polyethylene tubing using a toothpick lubricated with generic dish soap.

The assembled cell, named D.E.Cell.5, was positioned in the press so that Circuit180 and Circuit-45 were created in the usual manner. No electrically insulating tape
on the sloping facets of Anvil F was used. This cell-anvil configuration was pressurized
to 5,300 psi while manually recording the resistance measurements of both circuits
taken by the Solartron 7061 - manual measurements were once more necessary due to
the development of a coding issues that had developed with LabView, which rendered
the software inoperative.

Chapter 5

Pre-Formed Gasket Techniques Using
A Four-Axis Mill

5.1

Introduction

As it had become clear, not only did the gasket thickness need to be further
reduced than was possible using the Accurite three-axis mill, but additional circuits
were needed to more completely define the mechanical behaviours of the cell assembly
during compression. To address the need for additional circuits, a network of six
circuits was created which monitored the response of the three basic components of the
pressure cell (the wire leads, the polyethylene tubing, and the phenolic barrier) during
compression. The former issue of needing thinner gaskets forced the development of a
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new machining technique using a rapid prototyping four-axis CNC machine. Several
lead gallery designs were tested using a basic D.E. pressure cell design with the
C. E. Phenolic insert. A total of nine different methods was developed and tested by
the pressurization of seventeen pressure cells.

The following section presents the development of the pressure cell machining
process using a four-axis CNC machine in conjunction with two different software
programs and then the methods for each experimental cell design are presented. The
experimental results and a comprehensive discussion for each method developed in
this chapter can be found in Chapter 8.

5.2

5.2.1

Methods

Through-Gasket Components and Methods

To ensure the survival of the Fe leads during compression, even thinner gasket
widths were required. Since this delicate work was not possible on the Accurite threeaxis mill, the decision was made to explore the machining capabilities of a Roland
MDX-540 CNC Mill (Figure 5.1), a four-axis rapid prototyping machine. This mill’s
fourth axis, a rotational axis, made it possible to create delicate gaskets on every
edge length of a pressure cell through the use of a two-part process7 . Calibration of
7

Initial cutting tests were done by machining a single cell per bar of pyrophyllite. However, for
the remainder of this work, several cells were cut from the same bar and therefore, only this process
is described.
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Figure 5.1: MDX-540 Roland CNC Mill: a four-axis rapid prototyping machine.

the mill and familiarization of the cutting software was a time-consuming process, as
evidenced by the progression of completed pressure cells run in the program testing
phase, shown in Figure 5.2. SRP Player was the cutting software that had come
pre-loaded with this CNC. It required importing a SolidWorks file of the finished
part in order to generate and execute an appropriate cutting program, yielding the
exact part designed in SolidWorks. This software was designed for a user with no
prototyping or CNC experience and therefore once SRP Player generated the cutting
program, parameter alterations within the program were not allowed. The following
is a detailed description of the cutting process used to create individual pressure cells.

A rectangular bar of pyrophyllite was roughly cut (width 1.0 inch, height 1.0 inch,
length 8.0 inches), one end of the bar was left square (to be secured into the mill’s
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Figure 5.2: Image illustrating the progression of pyrophyllite cells machined while performing mechanical and software calibrations tests on the MDX-540 CNC Mill. The first
test cell is labeled #1 (left), cells progress towards the final, usable cell at the right.

three-jaw chuck) and the other end was center-drilled to adapt to the live center of
the tailstock. Once secured into the mill, the bar was qualified by the mill’s tooling
and the SRP Player cutting program was initiated, machining four of the six faces
of seven consecutive cells on a single bar of pyrophyllite, seen in Figure 5.3. Once
completed, the bar was removed from the mill and the individual cells were separated
along their parting lines using a band saw, completing the first machining step. This

Figure 5.3: Four of the six cell faces are machined out of a single bar of prophyllite using the
Roland MDX-540 CNC Mill. A single bar of pyrophyllite can be used to make a maximum
of seven cells.
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yielded several quasi-cubic cells having four machined faces and two non-machined
faces (Figure 5.4).

The second cutting step required the development of two brass fixtures used to
secure individual cells in the mill (by compressing two of the previously machined
faces) allowing the remaining unfinished faces to be machined (Figure 5.5). Before
initiating the second cutting program, however, it was necessary to index the X-axis
origin to indicate where to begin the second cutting profile. It was discovered that
SRP Player was not able to accurately pick up the center of the physical cell and relate
it to the origin of the digital cell in the SolidWorks file. This caused the remaining
two sets of gaskets to be machined at uneven thicknesses; one oversized and the other
too thin. This variance in gasket width rendered the cell unusable as it prevented the
establishment of consistent pressure gradients within the pre-formed gaskets. This
effect would induce stress concentrations within the anvils, increasing the likelihood
of a "blow-out" event and/or severe damage to the anvils and the press. The ability
to precisely pick up the part for the second machining step was therefore paramount.

Alternative software (DeskProto) was identified which offered the user total control
over all details of the cutting process. Parameters such as tool pressure, cutting
speed and cutting pattern were adjustable. Most importantly, this software was
able to accurately pick up the partially machined cell for the second cutting step,
having a step-over size of 0.05 mm. DeskProto was the software used to machine
all pressure cells for the remainder of this work using the same two-step process
previously described.
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Figure 5.4: Pyrophyllite cell with two machined sides (with gaskets) and the unfinished top face of the cell.
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Figure 5.5: Pyrophyllite cell held by two
brass fixtures, waiting to be machined by
the second step.

Hypodermic Tubing and Polyethylene Tubing at the Lead-Gasket
Interface

The first successful cell machined using DeskProto was a pyrophyllite cell with
"base cube" 0.560 inches and twelve attached pre-formed gaskets that had a thickness of 0.032 inches. This cell was configured as a D.E. cell, including the recessed
C. E. phenolic insert. Electrodes were made using the usual Fe wire sheathed by the
hypodermic tubing (bent along a 45◦ angle), which was then sheathed by polyelthylene
tubing. The only design modification (other than the thinner gaskets) for this cell, in
reference to D.E.Cell.5, was that the gaskets were given slits (width 0.035 inches) to
provide an empty space for the leads to pass through the gaskets (Figure 5.6). This
was done to further decrease the drag on the leads during gasket compression. It was
expected that as the gaskets were compressed, they would expand horizontally to fill
in any remaining space around the leads and create the necessary pressure gradient.
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This cell-gasket lead configuration is not to be confused with the "through-gasket"
wire measurement orientations. The "through-gasket" leads do not work for cells
that are designed to have extruded gaskets. The leads just described, however, are
in a cell with pre-formed gaskets and have galleries cut through each gasket for their
placement.

This cell, named D.E.Cell.6, was positioned in the press so that Circuit-180 and
Circuit-45 were created. Both of these circuits monitored the continuity of the lead
wires to the electrodes within the cell - a low resistance was desired indicating the
circuits remain un-damaged. Two more circuits were created to monitor the performance of the phenolic insert: Lead-180 and Lead-45 were each paired with the
through-anvil wire connection for Anvil F. These circuits were named F-L180 and
F-L45, and a high resistance was desired for these circuits as this would indicate that
the phenolic had remained un-damaged. Finally, a fifth circuit was created by pair-

Figure 5.6: D.E.Cell.6 assembly. Top left: cell with coiled electrodes and slits for leads
before phenolic is secured in place. Top right: phenolic insert shown with coiled leads
within the hypodermic tubing (bent along a 45◦ angle and sheathed in polyethylene tubing).
Bottom: Assembled cell.
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ing Lead-180 and Lead-45 to ensure no contact was made between the leads at their
coiled connections (buried within the phenolic) during compression. This circuit was
named Lead-Lead. A diagram, illustrating each circuit is presented in Figure 5.7.

Figure 5.7: Diagram illustrating the circuit connections made for D.E.Cell.6.

This cell-anvil configuration was pressurized to 5,300 psi, in 200 psi increments,
while the results were simultaneously recorded using an Agilent 34970A Multimeter
- a multimeter with built-in data acquisition software having an acquisition rate of
approximately 250 measurements per circuit per second.

5.2.1.2

Substituting Polyethylene Tubing for Teflon Tubing

A new tube material was proposed for the electrical insulation of the lead wires.
Teflon tubing (O.D. 0.025 inches, I.D. 0.012 inches) was used in place of the polyethylene tubing for its higher tensile strength. To test the limitiations of the Teflon tubing,
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a pyrophyllite cell was constructed with no through-cell electrodes, nor any throughanvil wire connections. None of these connections was necessary since the purpose of
this cell was to observe the effects of gasket compression on the Teflon tubing. This
cell had a phenolic insert recessed into the bottom face, as done for D.E.Cell.6, and
five Fe wire leads sheathed by Teflon tubes. Each lead assembly was anchored at the
bottom of a borehole (diameter 0.030 inches, depth 0.200 inches) using a pin-head
sized dollop of Loctite 454 glue. Each borehole was drilled in towards the center of
the cell along the gasket angles (45◦ ) in a different location, all of which were at anvilgasket interfaces. During the assembly process, one lead was damaged rendering it
unusable. Only four leads were therefore available for taking resistance measurements.

The cell, named TeflonCell (Figure 5.8), was positioned in the press so that the
recessed phenolic was sitting on top of Anvil F. Eight circuits (two per lead) were
created for this cell to monitor the activity of each lead during compression. Since
each lead was routed in between two anvil facets, each lead (numbered 1 through 4)
was paired with the two through-anvil wire connections in contact with said lead.
This created a circuit through which resistance measurements were taken. The eight
circuits are illustrated in Figure 5.9 and are named as follows: Lead 1 was paired with
the through-anvil wire connections for Anvils F and C creating circuits Lead1-AnvilF
and Lead1-AnvilC ; Lead 2 was paired with the through-anvil wire connections for
Anvils F and E creating circuits Lead2-AnvilF and Lead2-AnvilE ; Lead 3 was paired
with the through-anvil wire connections for Anvils A and C creating circuits Lead3AnvilA and Lead3-AnvilC ;Lead 4 was paired with the through-anvil wire connections
for Anvils A and E creating circuits Lead4-AnvilA and Lead4-AnvilE. A high resistance was desirable for each circuit as this indicated that the leads were electrically
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Figure 5.8: TeflonCell shown with five Teflon tubes, each sheathing an Fe lead wire, exiting
the cell along the gaskets. This was done as an initial test for the stress and strain resistances
of the Teflon tubing. Note: five tubes with wires are shown here, but only four were present
for the compression cycle.

Figure 5.9: Cross-sectional diagram of TeflonCell cell-anvil configuration. Anvils B and D
are perpendicular to the plane of the diagram - Anvil D is visualized as coming out of the
diagram, Anvil B is visualized as going into the diagram.
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insulated from the anvils, which could provide confirmation that the Teflon tubes
remained un-damaged. This cell-anvil configuration was pressurized to 5,500 psi, in
200 psi increments, while the results were simultaneously recorded using the Agilent
34970A.

5.2.1.3

Using Teflon Tubing, Thinner Gaskets and Gallery Design Variations

Since the use of both the Roland MDX-540 CNC Mill and the use of DeskProto
allowed for such precise and delicate fabrication of the pressure cells, it was possible
to reduce the amount of pressure medium extrusion experienced by the pressure cell
by a final, maximum reduction in the edge length of the cell face and also of the
gasket width. The cell face now had an edge length of 0.500 inches, sized to match
exactly the face of the anvil truncation. The gaskets were reduced a final time to
0.030 inches. Both of these design changes would minimize the amount of pressure
medium material available for displacement via extrusion during compression, thereby
also reducing the pinching effect this extrusion had on the lead wires routed through
the pre-formed gaskets. This pyrophyllite cell design was used for the remainder of
this work (with the exception of the gallery modifications that follow). As such, the
pyrophyllite cell design for each following method will no longer be described and will
be referenced only as a "CNC D.E. pyrophyllite cell".

From the observations of gasket-lead dynamics during the compression of the preformed gaskets, it has been understood that there are two governing effects which
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must be considered. As the hydraulic oil pressure is increased, the cell’s pre-formed
gaskets are compressed, they are expanded in two ways. (1) Parallel to cell edge filling any space around the lead, pinching it in place, and (2) perpendicular to cell
edge - away from the cell, pulling the lead with it via "drag". These two expansion
effects are what cause leads and tubes to be necked and/or pinched off, as seen in
Figure 5.10. In an attempt to address this issue, the galleries cut through the gasket
for the leads were altered to take an "S-shaped" path through the gasket. It was
hypothesized that this shape could provide extra lead length within the expanding
region of the gasket to uncoil during the slight extrusion of the pre-formed gasket
during its compression to accommodate the outwards drag of the lead, alleviating
necking and preventing the wire from being pinched off (Figure 5.11).

With this in mind, three cells were fabricated to investigate this "S-shape" gallery
hypothesis. D.E.Cell.7 and D.E.Cell.8 were created with two identical "S-shaped"
galleries (width 0.035 inches) while, D.E.Cell.9 was cut with one "S-shaped" gallery
and one gallery cut in a straight-line path. This was done with the intention to
make a direct comparison of the performance of the "S-shape" to the straight-line
shape gallery. The galleries for D.E.Cell.7 were milled using a pocket program on
the Accurite mill and the leads (Fe wire sheathed in Teflon tubing) were routed to fit
securely within these galleries. The recessed phenolic insert was added and secured
by a pin-head sized dollop of Loctite 454 (Figure 5.12). D.E.Cell.8 was meant to
be an exact replica of D.E.Cell.7 however, during milling of the gallery that was to
contain the Lead-45, the pocket program was mistakenly altered to reduce the radius
of the "S-shaped" cut, giving it more of a "P-shaped" gallery, seen in Figure 5.13. As
the leads were being fit into their galleries, the center radius of the "P-shape" was
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Figure 5.10: Diagram illustrating the two expansion effects that gasket compression has
on lead wires and tubing.

Figure 5.11: Diagram illustrating the "S-shaped" galleries designed to alleviate lead necking during gasket compression.

Figure 5.12: Left: D.E.Cell.7 showing the "S-shaped" galleries designed to alleviate lead
necking during gasket compression. Right: Final assembled cell.

M. A. Burford

73

Figure 5.13: Image of D.E.Cell.8, showing the one "S-shaped" gallery and the other "Pshaped" gallery before the small radial section (indicated) was accidentally broken away.

accidentally chipped away. This created a gallery with more or less of a straight-line
path cut through the gasket that had an approximate width of 0.060 inches at the cell
wall-gasket interface that reduced into the usual 0.035 inch width at the end of the
gallery. All three cells were loaded into the press so that the phenolic insert was seated
on Anvil D 8 . The six circuits that were created to measure resistance throughout the
compression of each cell are described as follows.

To monitor the conditions of the Teflon tubing protecting each Fe wire lead, two
circuits were created by pairing the through anvil connections for Anvil D and Anvil
E (this circuit was named simply D to E (Tubing)) and by pairing the through anvil
connections for Anvil D and Anvil C (this circuit was named D to C (Tubing)). Each
lead wire was paired with the through anvil wire connection for the anvil connected
to that lead’s electrode wire; Lead-180 was paired with the through anvil connection
for Anvil B to make a circuit named L180 to B (Lead) and Lead-45 was paired with
8

After running TeflonCell, the 200-ton press was out of commission for a five-month period of
time during which the press was refurbished and a new hydraulic pump was installed.
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the through anvil connection for Anvil C to make a circuit named L45 to C (Lead).
Finally, to monitor the phenolic, two circuits were created by pairing the through
anvil connection for Anvil D each with Lead-180 and Lead-45. These circuits were
named L180 to D (Phenolic) and L45 to D (Phenolic) respectively. These circuits
are used throughout the remainder of this work and from this point forward wil be
referenced only by their circuit names. Each cell-anvil configuration was pressurized
in 200 psi increments until the pressure at which both leads reached failure and the
results were simultaneously recorded using the Agilent 34970A.

5.2.1.4

Wider Lead Galleries

An investigation into the reaction of a gallery with an increased width was inspired by the negative results of the experiments with narrow width galleries. To
address this, D.E.Cell.10 was created (using a "CNC D.E. pyrophyllite cell") with
both galleries cut in a straight-line path. Their widths were different; the gallery for
Lead-180 was machined to be at regular width (0.035 inches) while the gallery for
Lead-45 was machined to have a width of 0.053 inches, seen in Figure 5.14. The wider
galleries were made using a straight-edge hand file having a width of 0.053 inches.
As was done for D.E.Cell.9, this enabled a direct comparison of the performances of
each gallery design during compression. D.E.Cell.10 was outfitted with a recessed
phenolic insert in the usual manner and the pressure cell assembly was positioned in
the press to set up so that the circuits D to E (Tubing), D to C (Tubing), L180 to B
(Lead), L45 to C (Lead), L180 to D (Phenolic) and L45 to D (Phenolic) were created.
This cell-anvil configuration was pressurized to 5,200 psi, in 200 psi increments, while
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the results were simultaneously recorded using the Agilent 34970A.

Figure 5.14: Image of D.E.Cell.10 before assembling the electrodes, lead wires and phenolic
insert; showing the two straight-line galleries, each cut with a different width.

D.E.Cell. 11, D.E.Cell. 12, D.E.Cell. 13, and D.E.Cell. 14 were made identical
to one another. Each cell was a CNC D.E. pyrophyllite cell machined using the Roland
mill, the galleries were cut along a straight-line path through the gasket, each having
a width of 0.053 inches. The leads were made of Fe wire and sheathed by Teflon
tubing for electrical insulation. A phenolic insert was recessed into the cell in the
usual manner. This pressure cell assembly had a promising design and was repeated
in order to be able to either confirm repeatability in the results or to pinpoint which
aspects of the cell design were producing inconsistencies.

Each cell was positioned in the press so that the circuits D to E (Tubing), D to
C (Tubing), L180 to B (Lead), L45 to C (Lead), L180 to D (Phenolic) and L45 to
D (Phenolic) were created. While D.E.Cell.11 was only pressurized to 4,600 psi, the
remaining cells were pressurized to the maximum pressure of 5,600 psi. Rather than
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ending pressurization once both leads had failed, it was decided that each cell should
be pressurized to the same maximum pressure (5,600 psi) to preserve the experimental
repeatability that is so critical for the development of an experimental technique. All
cells were pressurized in 200 psi increments while the results were simultaneously
recorded using the Agilent 34970A.

5.2.1.5

New Lead Wire Configurations

The final eight final experimental assemblies were batch-manufactured using the
aforementioned two-step machining process using the Roland mill (Figure 5.15). All
galleries were cut along a straight-line path through the gasket (width 0.053 inches)
and phenolic inserts were used in the usual manner. The lead wire configurations
were the only variant for these cell assemblies. A lead wire material was needed
that was better able to resist the pinching and necking effects observed with the
Fe wire. Upon researching the tensile strength of several metals, tungsten-rhenium
(W-Re) was found as a conducting metal that possessed a similar resistivity and
thermal conductivity to Fe, yet a bulk modulus and a young’s modulus twice as high.
This would better resist the necking and flattening effects from the compression of
the gaskets. Most importantly, the W had an ultimate yield strength (UTS ) of
almost fifteen times that of Fe, almost ensuring the lead wire would not be pinched
off. W-25wt%Re wire (diameter 0.010 inches) was available in the lab since it is
frequently used as thermocouple wire for other experimental studies. This wire was
not previously considered as a lead wire option mostly due to its poor flexibility and
high cost. Once the W-Re wire was bent, it became work hardened and brittle.
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Attempting to re-bend that particular section of wire would cause it to break apart.
As the leads wires needed a certain flexibility to bend and connect to the measurement
wires, the solution was to use only a two inch section of straight W-Re wire which
connected with the cell electrodes (underneath the phenolic insert) and continued
past the critical pre-formed gasket compression region. After this point, the W-Re
wire was connected to a six-inch length of Fe wire by a Cu over-winding (Cu wire
diameter 0.010 inches), as seen in Figure 5.16. Since the stacking of the two lead wires
along with the Cu over-winding created a junction too large in diameter to fit within
the Teflon tubing, the tubing was simply broken into two sections. The exposed Cu
over-winding junction was covered in electrically insulating tape (the same tape used
in the earlier methodologies of this work). The final assembled pressure cell is seen
in Figure 5.17.

D.E.Cell.15, D.E.Cell.16, and D.E.Cell.17 were assembled as described above,
identical to one another. Each cell was, in turn, positioned in the press to create
circuits D to E (Tubing), D to C (Tubing), L180 to B (Lead), L45 to C (Lead), L180
to D (Phenolic) and L45 to D (Phenolic). Each of these cell-anvil configurations was
pressurized to 5,600 psi, in 200 psi increments, while the results were simultaneously
recorded using the Agilent 34970A.

5.2.1.6

W-Re and Fe Wire Leads with Al Ceramic and Teflon Tubing

Additional protection was needed around the W-Re section of the lead wire since
the Teflon tube was too prone to splitting under compression. To address this, one
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Figure 5.15: Image of the eleven pyrophyllite pressure cells which were batch-manufactured
using the aforementioned machining process with the Roland mill. All eleven cells have
straight-line cut galleries with 0.053 inches width. Observe that of the eleven cells made,
two were damaged (top cell: a tool bit was broken and lodged in the electrode bore hole
while machining, rendering it unusable; right side second from bottom: one gasket from
this cell was broken during machining however the cell was salvaged by using adhesive to
re-attach the gasket). Pen for scale

Figure 5.16: Image showing the W25wt%Re and Fe lead wire junction with Cu
over-winding. Penny for scale

Figure 5.17: Image the final assembled
cell: a two inch section of W-25wt%Re wire
junctioned with a six inch Fe wire, held together by a Cu over-winding. Electrically
insulating tape protects the junction from
any electrical contact to the anvils. Penny
for scale
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inch sections of Al ceramic tubes (I.D. 0.012 inches and O.D. 0.032 inches, also used
in other wire insulation applications in the lab and often in conjunction with the
W-Re thermocouple wire) were secured around the W-Re only along the length of
lead that was compressed within the gasket. Similar to the lead wires, this ceramic
tube was never considered as an insulating material due the inflexibility of the tubing
(a property required for the leads to bend and meet their measurement wires). For
the small length of lead wire that is compressed within the gaskets however, there
was no flexibility needed as the lead wires were compressed in place between two level
faces of adjacent anvils. It was therefore possible to include these small sections of
Al ceramic tubing within the critical gasket-length of the W-Re wire. The rest of the
assembled lead remains the same as previously described (Figure 5.18). The final cell
assembly is seen in Figure 5.19.
D.E.Cell.18, D.E.Cell.19, D.E.Cell.21 9 , and D.E.Cell.22 were assembled as described above, identical to one another. Each call was, in turn, positioned in the
press to create circuits D to E (Tubing), D to C (Tubing), L180 to B (Lead), L45 to
C (Lead), L180 to D (Phenolic) and L45 to D (Phenolic). Each of these cell-anvil
configurations was pressurized to 5,600 psi, in 200 psi increments, while the results
were simultaneously recorded using the Agilent 34970A.

9

D.E.Cell.20 was run though a pressure cycle however, an alligator clamp was mistakenly left
un-protected and made an electrical connection between two of the anvils during the early stage of
compression. This rendered the resistance measurements of the cell unusable, thus the results of
this cell were not reported in this work.
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Figure 5.18: Image of the assembled lead wire with Al ceramic tube along the compressed
gasket region of the W-25wt%Re portion of the lead wire. Not shown is the electrically
insulating tape that is used to cover the Cu over-wound junction before placing the cell
assembly into the press.

Figure 5.19: Image of the assembled cell with lead wires made W-25wt%Re and Fe wire
junctioned by a Cu over-winding, including a section of Al ceramic tubing at along the
compressed gasket region of the lead wire. Not shown is the electrically insulating tape that
is used to cover the Cu over-wound junction before placing the cell assembly into the press.

Part III

RESULTS AND DISCUSSION
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Chapter 6

Self-Extruded Gasket Techniques

In order to facilitate the connection between technique results and technique description, the section headings have been numbered and labeled similarly. For example: the results for the described technique in section 3.2.1.1 PVD sputtered SiO2
coating on WC anvil surface are found in section 6.2.1.1 PVD sputtered SiO2 coating
on WC anvil surface. This pattern remains throughout all chapters in the RESULTS
AND DISCUSSION section.

6.1

Introduction

Two electrical barrier techniques were investigated in this chapter, an insulated
PVD coating applied directly to the anvil surface (two different material coatings
82
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were tested) with which two cell assemblies were evaluated. The second insulating
barrier technique that was investigated made use of phenolic inserts as the barrier
method. A variation of two phenolic types was tested with which three cell assemblies
were evaluated.

6.2

Results

Tables 6.1, 6.2 and 6.3 provide a summary of the results for all compressed pressure
cells. Detailed analysis of each result is presented in the following sections.

6.2.1

Coated Anvil Techniques

The resistance of the SiO2 coating on the anvil surface was measured using an HP
4329A High Resistance Multimeter and was found to be 2 x 109 Ω at 25 Volts. The
coating was not visible to the naked eye however, under 16x magnification, scratches
made by the probes of the resistance meter were observed. Although the coating
was not breached by these scratches, this demonstrated the delicacy of the coated
surface. After compression of the blank pressure cell, observation of the recovered
cell revealed well formed gaskets; thicknesses were 0.033 ± 0.005 inches, a typical
result with acceptable gasket thickness variability. The SiO2 coating was once more
tested with the probes of the multimeter, the resistance remained unchanged at 2
x 109 Ω at 25 Volts. This demonstrated that the coating was able to withstand the
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Table 6.1: Summary of Results for Self-Extruded Gasket Pressure Cell Assemblies

D.E.Cell.1

D.E.Cell.2

S.E.Cell.1

S.E.Cell.2

D.E.Cell.3

Self-extruding gaskets captured the exposed foil leads, severing them, which then removed areas of the electrical coating
allowing through-anvil conduction.
Self-extruding gaskets captured the insulated foil leads, severing them, which then removed areas of the electrical coating
allowing through-anvil conduction.
Circular G-10/FR-4 phenolic acted as a successful electrical
barrier as Circuit-X measured continuity throughout pressurization.
Square G-10/FR-4 phenolic allowed too much deformation
and drag into the extruded gaskets, a different phenolic specimen was needed. Circuit-Y was necked off early in pressurization.
C.E. phenolic was a successful barrier with acceptable
amounts of drag and deformation. Leads were pulled out from
cell assembly during gasket extrusion.

Table 6.2: Summary of Results for Pre-Formed Gasket Pressure Cell Assemblies (3-Axis
Mill)

S.E.Cell.3
D.E.Cell.4

D.E.Cell.5

D.E.Cell.6

Was not pressurized due to non-uniform gaskets.
C.E. phenolic worked well and was used for all remaining cells.
Circuit-45 measured a short circuit resistance (the insulating
tubing was split) and Lead-180 was necked apart.
Both circuits measured a continuous resistance during entire
pressurization, leads remained secured to cell assembly however insulating tubing was split.
Circuit-180 and Circuit-45 measured a continuous resistance
while F-L180, F-L45 and Lead-Lead measured overload until
3,400 psi when all circuits reversed due to splitting of insulating tubing.
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Table 6.3: Summary of Results for Pre-formed Gasket Pressure Cell Assemblies (4-Axis
Mill)

TeflonCell
D.E.Cell.7
D.E.Cell.8
D.E.Cell.9

D.E.Cell.10

D.E.Cell.11

D.E.Cell.12
D.E.Cell.13
D.E.Cell.14

D.E.Cell.15

D.E.Cell.16

D.E.Cell.17

D.E.Cell.18
D.E.Cell.19
D.E.Cell.21
D.E.Cell.22
Max Pressure
Cell 1

All Teflon tubing leads were severed, not split, indicating thinner gaskets were required.
Both wire leads were necked off at 2,400 psi.
Lead-180 with "S"-shaped gallery was necked off at 2,000 psi,
Lead-45 with "P"-shaped gallery was necked off at 3,600 psi.
Lead-180 with "S"-shaped gallery was necked off at 1,600 psi,
Lead-45 with straight-line gallery failed at 4,200 psi when
Teflon tubing was pinched off.
Lead-180 with "oversized width" gallery survived entire pressurization to 5,600 psi, Lead-45 with "normal width" gallery
was necked apart at 3,400 psi.
Both galleries were made "oversized". Both wire leads were
necked apart at 4,200 psi, the Teflon tubing for Lead-45 was
pinched off but remained intact for Lead-180.
Lead-45 was necked off at 2,400 psi, Lead-180 survived without incident to 5,600 psi.
Both galleries were made "oversized". Lead-45 was pinched
off at 2,800 psi, Lead-180 was pinched off at 4,000 psi.
Both galleries were made "oversized". Lead-45 was pinched
off at 2,400 psi, Lead-180 survived without incident to 5,600
psi.
Both galleries were made "oversized" and lead assembly included a section of W-Re. Both lead wires remained intact,
Teflon tubing for both leads were severed at 5,400 psi.
Both galleries were made "oversized" and lead assembly includeed a section of W-Re. Both lead wires remained intact,
Teflon tubes were not severed. This was the first perfect result
up to 5,600 psi.
Both galleries were made "oversized" and lead assembly included a section of W-Re. Both lead wires remained intact,
Teflon tubing for both leads were severed at 5,600 psi.
Perfect result - both leads measured continuity to 5,600 psi.
Perfect result - both leads measured continuity to 5,600 psi.
Perfect result - both leads measured continuity to 5,600 psi.
Perfect result - both leads measured continuity to 5,600 psi
Pressure cell maintained continuous resistance measurements
to 7,000 psi, when all circuits failed.
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load and shear stresses of the flow of pyrophyllite over its surface through gasket
formation.

6.2.1.1

PVD sputtered SiO2 coating on WC anvil face

The data returned for the pressurization of D.E.Cell.1 are plotted in Figure 6.1.
Circuit-180 measured a large variation in resistance from zero psi to approximately
1,275 psi. This indicated that the circuit was moving in and out of continuity, suggesting the circuit was partially damaged. After 1,275 psi, the circuit measured a
steady resistance of 5.4 x 107 Ω (an open circuit), indicating the Al lead had been
severed. Circuit-45 revealed a steady resistance reading of near zero Ω, indicating
that the coating, the electrodes, and the leads all survived the application of pressure
and the flow of the pyrophyllite during gasket extrusion. The SiO2 coated anvil was
removed from the press and examined for electrical conductivity using the HP 4329A
multimeter, applying varying degrees of force to the probes across the entirety of the
truncated face. Conduction was found along the edge lengths of the anvil that were in
contact with the Al foil leads, as highlighted by the yellow ellipses in Figure 6.2. The
friction of the Al foil against the anvil edge length, by flow of pyrophyllite during
gasket formation, had removed the coating. This allowed conduction between the Al
leads and the anvil surface, which confirmed the activity seen from Circuit-180. As
the pyrophyllite flowed and the Al foil was mobilized, it removed certain areas of the
coating, and a through-anvil conduction path was created. This was evidenced by the
oscillating resistance of this circuit between zero and 1,275 psi. Circuit-45 showed
that continuity was not broken during pressurization as the resistance remained con-
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Figure 6.1: Measured resistance of Circuit-180 and Circuit-45 of D.E.Cell.1 plotted against
hydraulic oil pressure with the SiO2 coated anvil face.
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Figure 6.2: Planar view of the SiO2 coated anvil face pressurization of D.E.Cell.1. Imprints
of the exposed Al foil leads are left on the anvil surface, the yellow ellipses indicate the areas
of conduction where the coating was scratched away by the foil. The exposed Al leads are
torn away from their remaining insulated lengths. Masking tape was used to secure the cell
to the anvil while preparing for compression.

stant near zero Ω. The recovered cell however, revealed both Al leads to be severed.
This finding supported the resistance measurements of Circuit-180 (from 1,275 psi
to 2,300 psi) yet cast doubt on the measurements taken from Circuit-45. A possible
explanation for this was that the Al lead for Circuit-45 could have breached the SiO2
coating immediately upon compression and established a very short through-anvil
conduction, wherein the circuit left the severed Al lead through the anvil (at a location where the coating was removed) and then re-entered the remaining length of
the Al lead, appearing as through the circuit was closed. Since this SiO2 coating was
damaged, the second anvil was chosen to be coated with a material having a higher
toughness, Al2 O3 .
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PVD sputtered Al2 O3 coating on WC anvil surface

The data returned for the pressurization of D.E.Cell.2 are plotted in Figure 6.3.
Both Circuit-180 and Circuit-45 measured an open circuit resistance which oscillated
throughout the experiment. Although the measured resistance for Circuit-45 appears
lower than Circuit-180, this difference is insignificant since the only result of importance is the closed circuit status. The recovered cell revealed both Al foil leads were
damaged and torn out of connection by the flow of pyrophyllite. The coated surface
was probed with the HP 4329A multimeter and, as expected, areas of conduction
were found under both locations where the Al foil was in contact with the coated WC
anvil surface (Figure 6.4).

Although the SiO2 and Al2 O3 coatings were strong enough to withstand a handadministered scratch test as well as the compressional and shear stress of pyrophyllite
extruded under 2,300 psi, they were not strong enough to withstand the drag of Al foil
across its surface during extrusion of the gaskets. This electrical insulation method
and lead configuration was not sufficient for exiting multiple leads from one pressure
cell across the surface of one single WC anvil.
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Figure 6.3: Measured resistance of Circuit-180 and Circuit-45 of D.E.Cell.2 plotted against
hydraulic oil pressure with the Al2 O3 coated anvil surface.
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Figure 6.4: Al2 O3 anvil shown with Al leads after pressurization. Both Al leads are
severed. Masking tape was used to secure the cell onto the anvil face before pressurization
(seen on adjacent facets of the anvil relative to the leads).

6.2.2

Phenolic Barrier Techniques

6.2.2.1

Phenolic Barrier Inlay (G-10/FR-4 Phenolic - Circular)

The data returned for the pressurization of S.E.Cell.1 are plotted in Figure 6.5.
Circuit-X measured a high, open circuit resistance at the beginning of pressurization.
As pressure was increased, a sharp decrease in resistance during gasket formation was
observed. The circuit continued to measure an open circuit resistance yet there was
a steady decrease throughout the entire pressurization. This was due to the physical
compression of the wire lead, thereby shortening the conduction path of the electrons
within the wire, lowing its measured resistance. At the maximum load of 5,000
psi, Circuit-X measured its lowest resistance of 2.4 x 1011 Ω, which indicated that
the circular phenolic laminate inlay remained undamaged and sustained an effective
electrical barrier between the electrode and the anvil surface. After retracting the

M. A. Burford

92

S.E.CELL 1
1x10

12

9x10

11

8x10

11

7x10

11

6x10

11

5x10

11

4x10

11

3x10

11

2x10

11

1x10

11

Resistance (Ω)

Circuit-X

0
0

600

1200

1800

2400

3000

3600

4200

4800

5400

Hydraulic Oil Pressure (p.s.i.)

Figure 6.5: Resistance measurements for Circuit-X from S.E.Cell.1 plotted against increasing pressure.
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anvils, the cell remained affixed to one anvil face, allowing clear visualization of the
extruded gaskets, which were well formed (Figure 6.6a). A closer observation of the
recovered cell confirmed that the phenolic had remained intact and showed no major
signs of distortion or extrusion (Figure 6.6b).

(a) Image of the recovered cell still in the press,
the gaskets are shown to be well formed.

(b) Image of the round phenolic insert showing
no signs of distortion or extrusion.

Figure 6.6: Images of the recovered S.E.Cell.1.

This circular phenolic insert was a very successful electrical barrier method, however, it was realized that the circular shape would not provide full coverage of the
square anvil face, a complication when adding lead wires across the bottom of the
cell. The next cell design S.E.Cell.2. was therefore outfitted with a square shaped
phenolic insert, matching the dimensions of the truncated anvil face.
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Phenolic Barrier Inlay (G-10/FR-4 Phenolic - Square)

Resistance measurements for Circuit-Y of S.E.Cell.2. are plotted in Figure 6.7.
The data were acquired using LabView, which returned one resistance measurement
per iteration cycle of the software. The software iteration counts were correlated
to the hydraulic oil pressure, taken at each pressure interval, and then the interim
pressures were interpolated linearly so that the measured resistance could be plotted
against pressure10 . During gasket formation (zero to 500 psi), the circuit remains
discontinuous. At 650 psi, a large spike in resistance was observed across the circuit,
followed by three consecutive drops in resistance until the circuit reached near zero Ω
at 750 psi. These consecutive drops indicated a partial through-anvil electrical connection somewhere within the circuit. Once the anvils were retracted, it was clear
how the self-extruded gaskets had pushed back the electrical insulation to leave the
Cu over-wound electrode exposed to the anvil facet, explaining the alternating continuity of the circuit. The recovered cell showed significant extrusion of the edges
of the phenolic laminates, made by the drag of the pyrophyllite as the gaskets were
extruded (Figure 6.8). This was a considerable amount of deformation, agreeing with
the tetrahedral flow patterns of Lees (1966), and confirming that the majority of the
deformation during extrusion occurs along the edges of the cell. The through-gasket
lead was pinched off at the base of the gasket (along the edge length of the cell).
As expected, this experiment confirmed that through-gasket leads were not a viable
method for consideration in extruded gasket techniques. It was insightful to see how
10

For all experiments where the data were collected using an automated program, this process is
used. In-situ pressure measurements were not available and therefore interpolation was needed in
order to plot the resistance data against pressure.
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Figure 6.7: Measured resistance for Circuit-Y from S.E.Cell.2 plotted against hydraulic
oil pressure. The alternating continuity of the circuit suggests the lead is either severed or
in contact with the coated Anvil F.
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Figure 6.8: The recovered S.E.Cell.2 showing the drag of the phenolic laminate from the
extrusion of gaskets. The prominent distortion to the phenolic laminate demonstrates the
magnitude of drag experienced during gasket extrusion.

the electrode was necked, in spite of the added Cu over-winding. The square phenolic laminate was successful as an electrical barrier material, however, it allowed too
much drag and deformation during extrusion of the gaskets. Long-term cyclic use of
this phenolic could cause damage to the anvils. A new barrier material was needed
that would not allow for so much deformation. Inquiry at the Western University
Engineering machine shop revealed a variety of C. E. phenolic types, one of which
was incorporated into the next cell design.

6.2.2.3

Phenolic Barrier Inlay (C. E. Phenolic - Square)

The data returned for the pressurization of D.E.Cell.3 are plotted in Figure 6.9.
Both circuits measured high resistance before pressurization, which was expected11
11

Before loading the cell into the press, the circuits were checked for continuity with a multimeter.
Both circuits registered continuity while applying slight pressure to the back of the phenolic (making
sure the coiled ends of both leads and electrodes were in contact), when the pressure was released.
Continuity was lost, as expected.

M. A. Burford

97

Resistance (Ω)

D.E.CELL 3
4x10

13

3x10

13

2x10

13

1x10

13

1.5x10

6

1.0x10

6

5.0x10

5

Circuit-180
Circuit-45

0.0
0

600

1200

1800

2400

3000

Hydraulic Oil Pressure (p.s.i.)

Figure 6.9: Measured resistance for both circuits of D.E.Cell.3 plotted against hydraulic
oil pressure.
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however, the measured resistance did not approach zero Ω at any point during the
pressure cycle, revealing discontinuity (an open circuit) throughout the entire experiment, and indicating the phenolic was un-damaged and holding an electrical barrier.
Observation of the recovered cell (Figure 6.10) revealed that both leads were pulled

Figure 6.10: Image of the recovered D.E.Cell.3.

out of the cell assembly which was a curious result. Initially, it was postulated that
the leads might have been pulled out of the assembly due the drag of the pyrophyllite
on the leads during gasket extrusion. However, gasket extrusion is a direct result of
excessive force applied to the cell faces, which forces the pressure medium to subsequently flow out into the spaces between the anvil facets. It was arguable therefore,
that the leads must have been secured in position by the applied load of the anvils
before extrusion could have begun. It was not possible that the leads were displaced
during cell placement into the press since the anvil-lead connections were verified
using a multimeter before and after loading the cell into the press. Recall that the
dimensions of this particular cell were altered to accommodate the added thickness of
the phenolic. It was therefore also possible, however unlikely, that the typical gasket
extrusion process may not apply. The recovered cell also showed that the polyethylene
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tubing protecting the leads was split at the location where the gaskets were formed.
This indicated that compressional forces (rather than shear forces) were the dominating forces applied to the gaskets in this cell design. There was evidence of drag on the
phenolic, however it was not enough deformation to cause damage to the anvils. This
phenolic specimen was proven suitable for use in future experiments. The splitting of
the leads by extrusion or compression of the gaskets, clarified that the likelihood of
a lead surviving the gasket extrusion process was too low to consider as an option in
further work. This phenolic insert cell design had potential, however limited by the
effect of gasket extrusion on the leads. It was at this stage that pre-formed gaskets
were considered for their ability to drastically reduce the amount of extrusion, and
the overall deformation to the cell assembly during compression.

Chapter 7

Pre-Formed Gasket Techniques Using
A Three-Axis Mill

7.1

Introduction

In this chapter, the results of pressure cell assemblies with pre-formed gaskets
are presented. Four different methodology variations for the creation of said gaskets
were explained in detail, but only two were evaluated through the compression of an
assembled pressure cell.
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Results

7.2.1

C. E. Phenolic Inlay Techniques

7.2.1.1

First-Generation Pre-Formed Gaskets

Recall, due to the high ratio of unusable versus usable parts returned by the
machining process of this particular cell assembly design, no pressure cells were produced.

7.2.1.2

Second-Generation Pre-Formed Gaskets

Due to the non-satisfactory uniformity of the mobile gaskets of S.E.Cell.3, this
pressure cell was not tested in a compression cycle.

7.2.1.3

Third-Generation Pre-Formed Gaskets

The data returned for the pressurization of D.E.Cell.4 are plotted in Figure 7.1.
Immediately upon pressurization, the resistance of both circuits measured near zero Ω
(continuity). While Circuit-180 measured continuity for the remainder of the pressurization, Circuit-45 began measuring a negative resistance at 2,700 psi. This negative measurement, while physically unrealistic, suggested that the lead had become
unprotected by the tubing and was in contact with an anvil surface, therefore mea-
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Figure 7.1: Measured resistance of both circuits for D.E.Cell.4 plotted against hydraulic
oil pressure.
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suring a short-circuited resistance. Observation of the recovered cell revealed that the
polyethylene tubing on Lead-180 was flattened but not severed. The Fe lead within,
however, was necked apart (Figure 7.2). This result demonstrated that the polyethylene tubing had a larger tolerance for stretch than the Fe wire.

This also showed

that the configuration of this cell was such that the polyethylene tubing was capable
of surviving up to 5,000 psi without being split or severed. Painting the gaskets with
Fe-oxide increased the friction between the extruding pyrophyllite and neighboring
anvil surfaces, therefore intensifying the shear stress within the gaskets. This was
not a desirable effect since all design modifications were attempts to minimize the
stresses at the lead-gasket interfaces to increase the probability of lead survival and
in retrospect, this was not a wise design choice. The Fe-oxide coating was no longer
used to coat pre-formed gaskets as neither lead survived during the pressurization of
D.E.Cell.4.

Figure 7.2: Image of the recovered D.E.Cell.4, showing the polyethylene tubing for Lead180 still attached.
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Third-Generation Pre-Formed Gaskets and Hypodermic Tubing
at the Lead-Gasket Interface

Similar to the results for D.E.Cell.4., the resistance for both circuits measured
near zero Ω. Unlike the previous pressure cell, both circuits maintained this near
zero Ω measurement throughout the entire pressure cycle, indicating continuity of
circuits to the highest load. After examination of the recovered cell however, the
polyethylene tubes were both split open, exposing the hypodermic tubing (Figure 7.3).
This was an unexpected finding since the measured resistance had not indicated
any electrical leakage for either circuit. It was hypothesized that the tubing had
not split to expose the leads until decompression provided the necessary space for
them to do so, since lead-anvil contact would have been observed by a dramatic
increase in resistance measurements. To address this, remaining experiments were
conducted with additional circuits to measure lead-to-lead and anvil-to-anvil activity.
The results for the pressurization of D.E.Cell.5 are plotted in Figure 7.4.

Figure 7.3: Image of the recovered D.E.Cell.5 showing the split polyethylene tubing and
exposed hypodermic tubing.
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Figure 7.4: Measured resistance of both circuits from D.E.Cell.5 plotted against hydraulic
oil pressure. Both circuits show continuity (an ideal result) for the duration of the entire
pressurization.

Chapter 8

Pre-Formed Gasket Techniques Using
A Four-Axis Mill

8.1

Introduction

In this chapter, the method for machining the pyrophyllite pressure cells was
finalized after using two types of softwares used in conjunction with the Roland MDX540 CNC four-axis mill. Variations of galleries cut through the gaskets and lead
assemblies were tested until a final cell assembly that could successfully reach 5,600
psi, without failure, was found. Six different methods were presented which yielded
seventeen experimental pressure cell assemblies.
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Results

Through-Gasket Components and Methods

As mentioned in Chapter 5, DeskProto was the only software used to generate
and execute the cutting programs which machined all pryophyllite pressure cells (in
conjunction with the Roland CNC ) used in the remainder of this work. This software
provided an immeasurable advantage over the SRP Player software, contributing in
large part to the success of this work. Moreover, this new software will continue to
have a significant impact on the present and future works in the lab, opening a new
range of possible applications.

8.2.1.1

Hypodermic Tubing and Polyethylene Tubing at the Lead-Gasket
Interface

The data returned for the pressurization of D.E.Cell.6 are plotted in Figure 8.1.
As pressurization begins, all circuits measure their expected resistances; Circuit-180
and Circuit-45 measure continuity where as, F-L180, F-L45 and Lead-Lead all measure discontinuity (overload ). This indicated that the phenolic and the polyethylene
tubing were maintaining their electrical insulation against each other and against
Anvil F. At approximately 3,500 psi however, Lead-Lead became continuous first,
closely followed by F-L180 and F-L45, both becoming continuous simultaneously.
All three circuits remained continuous until the end of the pressure cycle. Obser-
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Figure 8.1: Measured resistance of all circuits from D.E.Cell.6 plotted against hydraulic
oil pressure.
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vation of the recovered cell confirmed that the continuity of Lead-Lead had resulted
from the splitting of the polyethylene tubing, exposing the hypodermic tubes and
allowing contact with Anvil F. This also confirmed the simultaneous continuity of
F-L180 and F-L45. The split polyethylene tubing exposed the hypodermic tubing of
both leads to Anivl F, creating a closed circuit between each Fe lead and Anvil F.

The data for Circuit-180 and Circuit-45 were re-plotted in Figure 8.2, separate
from the other three circuits, to enable a closer look at the near-zero resistance measurements to evaluate the reaction of the Fe wire leads during compression. It is
shown that Circuit-180 measured continuity until 3,200 psi, where there was a jump
to discontinuity and then a jump back to continuity where the circuit remains until
the end of the pressure cycle at 5,500 psi. Shown in Figure 8.1, this circuit is the first
of the five circuits to deviate from its expected resistance measurements. It can be
deduced then, that the polyethylene tubing on Circuit-180 had split on the side of the
lead adjacent to an anvil not included in this circuitry, explaining the discontinuity.
Once the other side of the tubing split and a connection was made to Anvil F (this
happened when Lead-Lead went to continuity), the lead was brought back to continuity as well. Circuit-45 remained continuous throughout the entire pressurization,
indicating that Lead-45 had remained undamaged. However, as previously mentioned, the reaction of Lead-45 combined with the split polyethylene tubing observed
on this lead from recovered cell proves that Lead-45 had not remained undamaged
throughout compression.

The conflicting results for Lead-45 should be studied more. It was clear however,
that the hypodermic tubing in combination with the polyethylene tubing was not

M. A. Burford

110

D.E.CELL 6
(select circuits)
50
Circuit-180
Circuit-45
F-L180
F-L45
Lead-Lead

Resistance (Ω)

40

30

20

10

0
0

600

1200

1800

2400

3000

3600

4200

4800

5400

6000

Hydraulic Oil Pressure (p.s.i.)

Figure 8.2: Measured resistance of circuits Circuit-180 and Circuit-45 from D.E.Cell.6
plotted against hydraulic oil pressure.
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a sufficient lead protection method. The tubing was not strong enough to resist
splitting under moderate pressures. The addition of the hypodermic tubing, while
accomplishing its main purpose of eliminating the pinching off of the Fe wire leads,
gave the leads a diameter that was too large to protect against electrical connection to
the adjacent anvil facets within the gasket region. While the pyrophyllite cell design
seemed to be somewhat successful (no occurrence of "blow-outs"), the lead assemblies
required revision, a smaller and more robust wire protection method was needed.

8.2.1.2

Substituting Polyethylene Tubing for Teflon Tubing

The data for TeflonCell are plotted in Figure 8.3. Eight circuits were set up to
record the performance of the four Teflon leads, for these simple lead configurations,
only two resistance measurements are expected: near zero Ω (continuity) or a very
high resistance (discontinuity). As pressure reached 500 psi, every circuit was in good
condition, all measuring discontinuity. Just after 700 p.s.i, Lead4-AnvilA became
continuous, indicating that the Teflon tubing had been broken or split and exposed
the lead wire which made contact with Anvil A. At this pressure, Lead4-AnvilE also
drops in resistance but only to 6 x 107 Ω. Just after 900 psi, Lead3-AnvilA and Lead3AnvilC both measure near zero Ω resistance readings, indicating that the Teflon
tubing was completely split on either side or necked apart, and the Fe lead within
was in contact with both its surrounding anvils. Lead3-AnvilC did not fully approach
zero Ω, it hovered between 10-20 Ω, indicating a tenuous connection to Anvil C. At
1500 psi, Lead1-AnvilF droped to near zero Ω and Lead1-AnvilC droped to 1 x 1011 Ω
for only 0.5 seconds (approximately 1 iteration count). This behaviour is similar to
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Figure 8.3: Measured resistance of all eight circuits from TeflonCell plotted against hydraulic oil pressure. Lead 2 is the only lead to hold a high resistance throughout pressurization.
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that of Lead4-AnvilE, indicating a tenuous physical connection between the lead wire
and the anvil. Lead 2 was the only lead that had survived. Examining the recovered
cell revealed each lead to be severed from the cell (Figure 8.4), including Lead 2. It
is possible that the tubing was structurally compromised during pressurization but
did not physically separate from the cell until decompression. Since the leads of the
TeflonCell were pinched off rather than split, this demonstrated that the governing
dynamic within the gaskets during compression was still extrusion indicating that a
cell design with even thinner gaskets was required.

Figure 8.4: Recovered TeflonCell, showing the pinched off Teflon tubing that sheathed the
wire leads. The phenolic is not visible in this image.

8.2.1.3

Using Teflon Tubing, Thinner Gaskets and Gallery Design Variations

The data for the pressurizations of D.E.Cell.7, D.E.Cell.8, and D.E.Cell.9 are
plotted in Figures 8.5, 8.6, and 8.7 respectively. Since the circuits were set up to be
either continuous (a near zero resistance) or discontinuous (an overload resistance,
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Figure 8.5: Measured resistance of the circuits created for D.E.Cell.7 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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Figure 8.6: Measured resistance of the circuits created for D.E.Cell.8 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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Figure 8.7: Measured resistance of the circuits created for D.E.Cell.9 plotted against
hydraulic oil pressure. Circuits D to C and L45 to D are not shown on the graph because
they measured a consistent overload resistance.
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the figures are scaled to display only the continuous resistance measurements taken.
All other resistances measured above 5 Ω were considered discontinuous.

Figure 8.5 shows a near ideal result for circuits D to E, D to C, L180 to D, and
Lead45 to D. They are not seen on the figure as they all recorded overload resistances
during compression of the cell. Circuits L180 to B and L45 to C, which represent the
reactions of the electrodes and their leads, are the only measurements shown. These
are also the most critical circuits to examine since the pyrophyllite cell design has
already been proven successful and it is only the wire leads that remain the cause of
failure for the pressure cell assembly. The circuits representing the wire leads both
failed at 2,400 psi, the lead failures are due either to necking and pinching off of the
wire lead within the tubing. In this case, since no other circuit measured a continuous
resistance in combination with the failure of either lead that would have been a result
of the Teflon Tubing splitting, the failure mode must therefore have been due to the
wire being necked or pinched off. Observation of the recovered cell confirmed this
result, the wire leads are seen in Figure 8.8, the necking failure mode of each wire
lead is evident from the decreasing diameter and pointed end of the wire. The wire
leads have preserved the "S-shaped" gallery patterns indicating that the compression
of the gaskets did not make use of the extra lead length this gallery design attempted
to facilitate for relief of the outwards drag the wires. The preserved shape of the leads
unexpectedly provided insight as to where, within the gasket region, the leads were
prone to failure. Since in past experiments, the leads followed a straight-line path
through the gaskets, it was difficult to tell where the pinching was occurring. It is
now seen, based on the "S-shaped" leads, that the pinching occurred right at the cell
wall-gasket interface. This was exciting information as it confirmed the "critical" area
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(a) D.E.Cell.7 - Lead 45, showing the Fe wire
lead necked and pinched off.
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(b) D.E.Cell.7 - Lead 180, showing the Fe wire
lead necked and pinched off.

Figure 8.8: Photographs of Lead-45 and Lead-180 of D.E.Cell.7 under 2x magnification.
The wire leads have preserved the "S-shaped" gallery patterns; the necking failure mode of
each wire lead is evident from the decreasing diameter and pointed end of the wire.

for lead failure has been narrowed to a singular location of the pressure cell assembly.

For D.E.Cell.8, it is seen that circuit L180 to B, representing Lead-180 (the "Sshaped" gallery) failed at 2,000 psi whereas Lead-45 (the "P-shaped" gallery) failed
later at 3,600 psi. There is no evidence of a continuous measurement taken for any of
the other circuits and therefore the lead failure modes must have been due to necking
of the wire within the tubing. Observation of the recovered cell confirmed this result,
seen in Figure 8.9. It was interesting to see the difference in failure pressure between
the two gallery shapes. The "S-shape" of the gallery for Lead-180 failed at a similar
pressure to the leads in D.E.Cell.7 whereas the "P-shaped" gallery of Lead-45 resulted
in a straight-line shape surviving and additional 1,600 psi. It is believed that this was
due to the larger gap left at the cell’s wall-gasket interface as a result of the broken
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radius within the "P-shape". This is a reasonable assumption since the additional
width gave additional space for the pyrophyllite to expand into, perhaps lessening
even further the pinching pressure applied to the wire lead during compression. It
also can be concluded that the "S-shaped" galleries see their compressional limit at
approximatly 2,000 psi, an insufficient pressure limit. The reaction of the "P-shaped"
gallery however, was curious and motivated a deeper investigation.

D.E.Cell.9 showed that Lead-180, with the "S-shaped" gallery, failed just after
1,600 psi due to the necking and pinching off of the Fe wire (confirmed through
observation of the recovered cell) whereas Lead-45, the straight-line gallery survived

(a) D.E.Cell.8 - Lead 45, showing the Fe wire
lead necked and pinched off

(b) [D.E.Cell.8 - Lead 180, showing the Fe wire
lead necked and pinched off

Figure 8.9: Photographs of Lead 45 and Lead 180 of D.E.Cell.8 under 2x magnification.
The wire leads have preserved their gallery shapes; Lead 45 is more or less a straight line
due to the straight line in the "P-shape", whereas Lead 180 has preserved the "S-shaped"
pattern. The necking failure mode of each wire lead is evident from the decreasing diameter
and pointed end of the wire.
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until 4,200 psi. Although Lead-45 was not necked apart (evidenced by its continuous
resistance measurement throughout the entire compression of the cell), the lead in
its entirety failed at 4,200 psi, when the Teflon tubing split and circuits D to E and
L180 to D became continuous. Although circuit L180 to D represented the electrical
insulation of the phenolic, the electrical continuity measured was not a result of the
failure of the phenolic, it was a result of the Teflon tubing split right at the cell
wall-gasket interface which also interfaces with Anvil D.

Comparing the results from D.E.Cell.7, D.E.Cell.8, and D.E.Cell.9, it can be said
that the thinned gaskets successfully reduced the amount of material available for
extrusion to alleviate enough strain within the fully compressed gaskets to prevent
the Teflon tubing from being split under moderate pressure. The "S-shaped" gallery
design proved to lack any usefulness and was therefore discontinued. The most interesting aspect of these results was that the accidental "P-shaped" gallery had reached
a reasonably high pressure before the lead failed. This curious result inspired a deeper
investigation into creating galleries with larger widths. Similar to the thinning of the
gaskets, it could be that a wider gallery reduced the stress and strain experienced
by the leads at the cell wall-gasket interface by simply providing more room and less
material around the lead wires. This investigation must be performed with care since
these wider galleries increase the chance that the gaskets might not seal properly to
create a secure pressure gradient for the cell assembly. Other than the gallery design,
it was evident that the lead design needed to be altered in some way to avoid necking
and pinching off of the wires within the tubing.
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Wider Lead Galleries

The data for the pressurization of D.E.Cell.10 are plotted in Figure 8.10. These
data show a clear difference between the two galleries of different widths. The "normal" width gallery (Lead-45 ) fails due to the necking off of the Fe wire at 3,400 psi.
The "oversized" width gallery (Lead-180 ) however, survives the entire pressurization
to 5,600 psi. The only reason the experiment was stopped at 5,600 psi was because
it was unknown how the press might react to higher pressures with this type of modified cell design. Since the target pressure was only 5,000 psi, it was decided that all
pressure cells would only be run to a maximum of 5,600 psi until it was evident that
a sound cell assembly design had been found.

The data for the pressurization of D.E.Cell.11, D.E.Cell.12 , D.E.Cell.13, and
D.E.Cell.14 are plotted in Figures 8.11 - 8.14 respectively. The leads for D.E.Cell.11
both reached 4,200 psi until the Teflon tubing for Lead-45 splits on both sides to bring
circuits D to C and L45 to C to continuity. This pressure was held for approximately
one minute when both Fe wires within the Teflon tubes were pinched off. Although
these pressures were higher than in previous cells, the leads were still failing before
5,000 psi. D.E.Cell.12, had very different results. Lead-45 only survived to 2,400 psi,
when the Fe wire was pinched off and the Teflon tubing split later at 5,600 psi. Lead180, however, survived to the maximum pressure of 5,600 psi, neither the Fe wire
nor the Teflon tubing was compromised. D.E.Cell.13 was also not able to produce
results with any type of consistency. The Fe wire for both Lead-45 and Lead-180
were pinched off at 2,800 psi and 4,000 psi respectively. At the final pressure of 5,600
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Figure 8.10: Measured resistance of the circuits created for D.E.Cell.10 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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5
D to E (Tubing)
D to C (Tubing)
L180 to B (Lead-180)
L45 to C (Lead-45)
L180 to D (Phenolic)
L45 to D (Phenolic)

OVERLOAD

Resistance (Ω)

4

3

2

1

0
0

600

1200

1800

2400

3000

3600

4200

Hydraulic Oil Pressure (p.s.i.)

Figure 8.11: Measured resistance of the circuits created for D.E.Cell.11 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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Figure 8.12: Measured resistance of the circuits created for D.E.Cell.12 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.

M. A. Burford

125

D.E.CELL 13
5
D to E (Tubing)
D to C (Tubing)
L180 to B (Lead-180)
L45 to C (Lead-45)
L180 to D (Phenolic)
L45 to D (Phenolic)

OVERLOAD

Resistance (Ω)

4

3

2

1

0
0

600

1200

1800

2400

3000

3600

4200

4800

5400

6000

Hydraulic Oil Pressure (p.s.i.)

Figure 8.13: Measured resistance of the circuits created for D.E.Cell.13 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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Figure 8.14: Measured resistance of the circuits created for D.E.Cell.14 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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psi, the Teflon tubing for both leads was split to allow L180 to D and L45 to D to
measure continuity. D.E.Cell.14 produced, once more, an inconsistent result. Lead45 was pinched off at 2,400 psi and then its Teflon tubing was split at 5,400 psi, while
Lead-180 survived without incident to the final pressure of 5,600 psi.

These results displayed the temperamental nature of both the Fe wire lead and
the Teflon tubing. Although there was potential in this design, certainty and reliability in an experimental technique are paramount if any meaningful results are to be
generated.

8.2.1.5

New Lead Wire Configurations

The data for the pressurization of D.E.Cell.15, D.E.Cell.16, and D.E.Cell.17 are
plotted in Figures 8.15 - 8.17 respectively. D.E.Cell.15 shows how both leads remain
intact throughout the entire pressurization. It is not until 5,400 psi that the Teflon
tubing for each lead was split and all other circuits were brought to continuity. As
the recovered cell was to be removed from the press, the superior strength of the
new W-Re lead wires was demonstrated as, not only were they still attached to
the cell (Figure 8.18), they also did not show any signs of necking or even flattening
(Figure 8.19). The results for D.E.Cell.16 present the first perfect results in this work.
Both leads are shown to keep continuity throughout the entire pressurization of the
cell and all other circuits keep their discontinuity (ie. the Teflon tubes did not split and
the phenolic did not fail). Due to the performance of the W-Re wires in D.E.Cell.15,
it is not surprising that the leads were not pinched off. It was surprising, however,
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Figure 8.15: Measured resistance of the circuits created for D.E.Cell.15 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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Figure 8.16: Measured resistance of the circuits created for D.E.Cell.16 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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Figure 8.17: Measured resistance of the circuits created for D.E.Cell.17 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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Figure 8.18: Image of D.E.Cell.15 before removal from the press. Here, the W-25wt%Re
lead wires are still attached to the cell whereas normally when using the Fe for lead wires,
each lead would have fallen away from the cell as the anvils were retracted to obtain the
compressed cell.

(a) D.E.Cell.15: Lead-45 (bottom), is compared to a length of virgin W-25wt%Re wire
(top).

(b) D.E.Cell.15: Lead-180 (bottom), is compared to a length of virgin W-25wt%Re wire
(top).

Figure 8.19: Image of the lead-gasket interface at the cell wall containing the phenolic
insert for D.E.Cell.15, photographed at 2x magnification. Both leads are compared to a
length of virgin W-25wt%Re wire (shown above each compressed lead). This confirms that
the compressed leads show no signs of necking or flattening.

M. A. Burford

132

to see the Teflon tubes hold their structural integrity to the maximum pressure. The
recovered cell was similar to that of C.E.Cell.15, where the leads were attached to the
cell and showed no signs of necking or flattening. D.E.Cell.17 returned similar data
to D.E.Cell.15, wherein the leads survived to the maximum pressure, but at 5,600
psi, the Teflon tubing for both leads split and the remaining circuits were brought
to continuity. Again, the recovered cell was very similar to that of D.E.Cell.15. The
leads were still attached to the cell and showed no signs of damage.

Review of these three results demonstrated that the change in lead wire material
was repeatedly successful, not a single W-Re wire was pinched off, nor were any signs
of necking found on the recovered cell. There was now only one limiting factor to this
cell assembly design - the Teflon tubing. A method of electrical insulation around
the lead wires was needed that could protect the leads with consistent repeatability
to the target pressure of 5,000 psi.

8.2.1.6

W-Re and Fe Wire Leads with Al Ceramic and Teflon Tubing

The data for the pressurization for D.E.Cell.18, D.E.Cell.19, D.E.Cell.21 and
D.E.Cell.22 are plotted in Figures 8.20 - 8.23 respectively. All four cells yield the
perfect result and repeatability has been achieved. Observations of the recovered cells
were all similar. The section of ceramic Al tubing was crushed during compression.
Most pieces fell away during retraction of the anvils (Figure 8.24) and any remaining
pieces were lost during the removal of the cell from the press. All leads showed no
signs of necking or flattening and remained firmly attached to their cell electrodes

M. A. Burford

133

D.E.CELL 18
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Figure 8.20: Measured resistance of the circuits created for D.E.Cell.18 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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D.E.CELL 19
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Figure 8.21: Measured resistance of the circuits created for D.E.Cell.19 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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Figure 8.22: Measured resistance of the circuits created for D.E.Cell.21 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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D.E.CELL 22
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Figure 8.23: Measured resistance of the circuits created for D.E.Cell.22 plotted against
hydraulic oil pressure. Circuits D to E, D to C, L180 to D, and L45 to D are not shown on
the graph because they measured a consistent overload resistance.
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underneath the protective phenolic (Figure 8.25).

A cell assembly that increased the number of wire leads for in-situ measurements
during an experiment had been found. Replacing the length of Fe wire with W-Re at
the gasket region, coupled with the addition of the small section of Al ceramic tubing
also within the gasket region of the cell yielded a cell assembly design that was proven
repeatable (by D.E.Cell.18, D.E.Cell.19, D.E.Cell.21, and D.E.Cell.22 ) and reliable
up to 5,600 psi.

Throughout the development of this experimental technique, the maximum pressure experienced by any one cubic pressure cell design was 5,600 psi. This pressure
limit was set in view of the uncertain reaction between the cell and the press while
testing various cell designs. Once a successful design was found and the technique
was established however, it was desirable to see how much pressure the cubic pressure
cell could sustain before failure. The final pressure cell design (used for D.E.Cell 19
- 22 ), was re-created and named Max Pressure Cell 1. It was pressurized in 200 psi
increments to failure, and the data are plotted in Figure 8.26. The cubic pressure
cell sustained its measurement circuits until 7,000 psi, when all circuits failed. It can
now be said that this experimental technique has been used to make a minimum of
one 4-wire in-situ measurement using only one anvil pair up to 7,000 psi.
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Figure 8.24: Image of the recovered D.E.Cell.18, still in the press. Some remainder of the
crushed Al ceramic tubing can be seen on the left facet of the anvil. The remaining powder
and pieces of the ceramic tube will fall away while removing the cell from the press.

(a) D.E.Cell.18:
Lead-45, showing W25wt%Re wire unaltered by the compression of
the cell assembly, the crushed Al tubing is gone
however a small amount stuck in between the
phenolic and the cell wall can be seen.

(b) D.E.Cell.18:
Lead-180, showing W25wt%Re wire unaltered by the compression of
the cell assembly, the crushed Al tubing is gone
however a small amount stuck in between the
phenolic and the cell wall can be seen.

Figure 8.25: Images of the leads for the recovered D.E.Cell.18 showing the W-25wt%Re
wire unaltered by the compression of the cell assembly. The crushed Al tubing is gone
however a small amount that was stuck in between the phenolic and the cell wall can be
seen.
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MAX PRESSURE CELL 1
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Figure 8.26: Measured resistance of the circuits created for Max Pressure Cell 1 plotted
against hydraulic oil pressure. The pressure cell survives to a maximum pressure of 7,000
psi when all circuits failed.
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Conclusions

An experimental technique that has increased the number of electrical measurements in a pressure cell for a cubic anvil press has been developed. This technique
provides a method of increasing the number of in-situ electrical connections for a cubic multi anvil press. It allows for pressure cell configured for a 4-wire measurement
to be measured using only one anvil pair.

The development of this technique saw many variations of cubic pressure cell
designs. A pre-formed gasket system was used in the final pressure cell design in lieu
of the traditionally used extruded gasket system. The final, successful cell design
was a pyrophyllite cell having a "base cube" with edge length 0.050 inches and a
pre-formed gasket system where the gaskets were 0.030 inches thick, and a bevelled
C. E. phenolic insert recessed into the face of the cell having shallow galleries cut to
place and protect the leads. A gallery having a width of 0.053 inches was cut in a
straight-line path through each gasket to contain an electrical lead. The electrical
leads were made of a two-inch length of W25wt%Re wire (diameter 0.010 inches)
sheathed in Al ceramic tubing which connected with the pressure cell’s electrodes.

141

M. A. Burford

142

The W25wt%Re wire was joined to a six-inch length of Fe wire (wire diameter 0.010
inches) sheathed by Teflon tubing. The wire junction was secured by a Cu overwinding (diameter 0.010 inches) and wrapped in electrically insulating tape. This
pressure cell assembly design, machined by a Roland MD-540 CNC mill, using a
cutting program developed using DeskProto software, was demonstrated successfully
repeatable to pressures up to 5,600 psi of hydraulic oil pressure of a 200-ton cubic
anvil press, and one up to 7,000 psi.

Recommendations

The success for this technique was ultimately the result of finding a lead wire
material (and accompanying electrical insulation material) strong enough to resist
necking and splitting under the high shear forces and also the accompanying compression forces that result from the compression and minor extrusion of the pre-formed
gasketing system. Therefore, other lead wire materials are suggested here that can
be used in place of the chosen Fe and W-25wt%Re. It stands to reason that the
material chosen to replace the Fe wire (electrical resistivity: 96.1 nΩ · m), should have
a resistivity which is similar to or less than that of Fe. However, any lead wire having
a relatively low resistivity can be used in place of the Fe wire, taking into account the
resistivity of said wire material when interpreting measured resistance results. When
considering a substitution for the W-25wt%Re portion of the lead wire, care must
be taken to ensure that the chosen material possesses an adequate Young’s modulus
to guard against brittle failure, a bulk modulus to resist deformation under uniform
compression, a tensile strength to resist necking under strain, and most importantly a
UTS high enough to resist necking and the ensuing "pinching off" that is prone to any
wire used in this area. The UTS is the maximum stress that a material can withstand
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while being stretched or pulled before necking which, is demarked by the moment at
which the specimen’s cross-section begins contraction. As evidenced by the results
from D.E.Cell 7 - 15, the replacement material must possess these properties at least
in excess of those of Fe (tensile strength: 80-100 MPa, UTS : 350 MPa), and properties similar to the following for Fe (bulk modulus: 170 GPa, Young’s modulus: 211
GPa). The properties for W are listed first to provide a reference to a material that is
proven to work for this experimental method. The following materials are suggested
materials only and have not been tested.
Material

Properties
Electrical Resistivity

52.8 nΩ · m

Bulk Modulus

310 GP a

Young’s Modulus

411 GP a

Tensile Strength

550 M P a

UTS

5000 − 9000 M P a

Ti−Grade 4

Electrical Resistivity

420 nΩ · m

(Annealed)

Bulk Modulus

110 GP a

Young’s Modulus

116 GP a

Tensile Strength

438 M P a

UTS

450 − 550 M P a

Electrical Resistivity

1.17 nΩ · m

Bulk Modulus

140 GP a

Young’s Modulus

200 GP a

Tensile Strength

415 M P a

UTS

540 M P a

W

0.15wt%C Steel
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